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This research study was aimed at researching the synthesis, simulation and 
characterization of Direct Laser Metal Deposition (DLMD) of Al-Cu-Ti Coatings on Ti-6Al-
4V Alloy for aerospace application. This investigation was accomplished by numerical 
analysis and experimental techniques. In the category of manufacturing techniques 
(Additive Manufacturing), the Direct Laser Metal Deposition (DLMD) technique is quite a 
new field in the industry. This manufacturing technique is flexible, in the sense that it can 
be used to manufacture working parts or components for bigger assemblies, freeform 
shapes according to the designer specifications, advanced coatings on the surfaces of 
working components, and fully solid structures. This research also enquires into the 
enhanced properties (mechanical, hardness and corrosion) of the modified coating 
powders (Al-Cu-Ti) on the Titanium alloy (Ti-6Al-4V) and its applications for components 
and parts enhancements in aerospace industries.  
The Al-Cu-Ti coating possess Icosahedral characteristics taking a form of quasicrystals. 
These class of materials are relatively new; hence, they are observed to exhibit unusual 
atomic structural arrangements but still possess very useful chemical and physical 
properties. The composites (Ti-6Al-4V/Al-Cu-Ti) fabricated by the DLMD technique were 
characterized and analysed using Optical Microscopy (OPM), Scanning Electron 
Microscopy (SEM) aided with Energy Dispersive Microscopy (EDS), X-Ray diffraction 
analysis (XRD), Microhardness examination using Vickers indentation tester, and 
corrosion rate analysis. The corrosion performance of the composites was obtained by 
the Linear Polarization Technique dipped in a solution (3.5 M NaCl). From the analysis of 
the physical properties, the findings showed that the geometric properties like Heat 
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Affected zone (HAZ) height, deposit height and width, aspect ratio, dilution rate and the 
coating efficiency of the composite samples were greatly impacted by the increase of the 
laser power of the DLMD technique, showing an increase in these attributes brought 
about by the interaction between the laser and the material. However, in contrast to that, 
the findings also showed that these geometrical properties are also impacted by the 
powder feed rate and the scanning speed. The solidification of the reinforced matrix 
commenced when large particles formed, visible in the microstructure such as Al and Ti 
particles. The addition of the Copper (Cu) element enabled the movement of the Copper 
(Cu) into the Titanium (Ti) lattice structure resulting in the formation of Beta titanium (β-
Ti) microstructure, during the cool-down of the composites after the laser deposition.  
The Cu element from the microstructure is shown to have migrated and mixed deeply into 
the Ti lattice than any other element present, this is supported by the EDS analysis of the 
composites. This movement of the copper into the Titanium lattice opens the 
crystallographic structure of the beta (β) matrix. The new composite formed possessed a 
high content of Titanium particles, as well as Aluminium particles, titanium being the base 
metal and aluminium a soft metal which easily migrates and diffuses into the new 
microstructure as per the theoretical expectations. The Microhardness testing using the 
diamond indentations directly on the hybrid coatings revealed that the composite with the 
highest mean hardness was Ti-6Al-4V/Al-7Cu-5Ti on the enhanced coated surface, the 
measurements of the hardness decreases with a higher laser power with a value of 1000 
W and a lower scanning speed (feed rate) with a value of 0.8 m/min. Hence, an increased 
scanning speed with a value of 1.0 m/min and lower laser power with a value of 900 W 
produced the hardest hybrid coatings (1117.2 HV1.0). The corrosion resistance properties 
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of the titanium alloy were greatly increased resulting from the deposit of the 
Quasicrystalline coating (Al-Cu-Ti). Finally, from the computational modelling, the 
movement of laser from the starting point to the end changes the temperature distribution 
and the enhanced microstructures in the melt pool are depended on the laser input, scan 
velocity and the faster cooling rate. The optimal processing parameters obtained in this 
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GLOSSARY OF TERMS 
 
         A 
• ALLOYS – This a material which is consists of two or more metals, or a metal and 
a non-metal which cannot be separated easily by physical means. 
• ALUMINIUM – A chemical element belonging to the boron group, with a symbol 
Al, atomic weight 26.982 and atomic number 13. 
 
B 
• BASE METAL – A metal used as the substrate for operations, it may be common, 
expensive or not expensive.  
 
         C 
• CHEMICAL BONDING – This is the interaction between two or more atoms that 
binds them together leading to a formation of a new or familiar chemical substance. 
• CLAD METAL – A formed composite metal which contains two or more layers that 
have been bonded together. 
• COALESCENCE – This is the formation of a new continuous solid from the 
bonding of two or more pieces of metal by liquefying the spot where they are to be 
bonded. 
• COMPOSITE – An improved material which consists of structurally complimentary 
materials, usually two or more. The combination of matrix material and a highly 
xviii | P a g e  
 
reinforced material to produce improved structural properties not present in either 
material before the combination. 
• CORROSION – The deterioration of a material and its properties brought about by 
the chemical or the electrochemical reaction between the material, usually a metal 
and its environment.   
 
         D 
• DEFECT – The discontinuity that accumulates on a part to render it unacceptable 
or unusable by standards and design specifications. 
• DISLOCATION – An alteration within the crystal structure of a material that 
changes the properties of the material due to crystallographic defects and 
irregularities. 
• DEBONDING – The breaking of chemical, mechanical or physical forces that hold 
a bond together with or without the presence of external forces, causing the 
adhering properties of the metal to stop.  
• DUCTILITY – The ability of a material to resist fracturing to a certain degree by 
plastically deforming and absorbing the energy. 
 
         E 
• ELECTRICAL CONDUCTIVITY – The measure of the electrical current a material 
can carry. 
• EXTRUSION – A manufacturing process used to produce a continuous extension 
of the formed product by forcing the material through a shaped metal piece die. 
xix | P a g e  
 
         F 
• FILLER MATERIALS – Materials added to a weld or coating to enhance the 
strength of the part. 
• FRACTURE – The failure of a material characterized by the fragmentation or 
separation of the solid material. 
• FATIGUE – The failure of a material or part by continuous and repeated cyclic 
loading on the material.  
• FRICTION – The resistance of motion of one object by an external force or object. 
• FUSION WELDING – A welding operation that melts the base metal at the point 
of contact before forming the welded solid. 
 
         G 
• GRAIN – A single crystal structure present in a polycrystalline metal or ceramic. 
• GAS SHIELDING – Inert or semi-inert gases used for several welding processes 
to ensure a close to perfect fusion of the welds.  
• GRAIN SIZE – The diameter of a single crystal grain in a metal. 
• GRAIN GROWTH – The enlarging and increase of individual grains in a metal or 
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         H 
• HEAT AFFECTED ZONE – An area of the base material affected by the intensive 
heating of the material or cutting operations resulting in the alterations of the 
microstructure and properties of the material. 
• HARDNESS – The degree of resistance of the material to deformation by 
abrasions and surface indentation.  
• HARDNESS TEST – Mechanical test carried out on a material to determine the 
hardness properties of the material. 
• HOMOGENOUS – A continuity of the physical and chemical composition of a small 
portion that is the same in every other portion.  
• HOT CRACKING – A welding defect caused by shrinkage cracks during the 
solidification of welded metals. 
 
         I 
• INHOMOGENOUS – The variation of physical and chemical properties of a 
material from one point to another without any uniformity. 
• INDENTATION – This is performed by a specified indenter used to determine the 
hardness of a material by pressing on the surface of the material, usually metals 
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         L 
• LASER – A device used to generate an intensely focused beam of monochromatic 
light by stimulating the emission of photons from excited atoms. 
• LASER WELDING – This process unlike some other processes is non-contact, 
the coalition between the surfaces is accomplished using the laser beam.  
 
         M 
• MANUFACTURING TECHNIQUES – These are the various operations and 
processes for transforming of raw materials into finished products. 
• MACHINEABILITY – This is the ease at which a material, usually metals can be 
transformed from its raw state to a finished product, it involves selectively altering 
the properties of the material. 
• MELTING POINT – This is the temperature at which a solid material melt. 
• MACROSTRUCTURE – This is a structural property which can be observed with 
the unaided eyes in some cases, usually clearly observable after etching. 
• MECHANICAL PROPERTY – The property that shows relationship between 
stress and strain to an applied force, usually measured by the rate at which the 
material deforms, that is the reaction of the material to physical stress. 
• MICROHARDNESS – The hardness of a material usually metals, measured at a 
microscopic level. 
• METALLURGY – The science and engineering of studying the chemical and 
physical properties of metals, intermetallic compounds, mixed alloys. 
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• MODULUS OF ELASTICITY – This is the ratio of the stress of a material to its 
strain within the elastic limit of the material. 
• MICROSTRUCTURE – The extremely small and fine structure of materials that 
can only be made visible with the aid of a microscope. 
 
         O 
• OXIDATION – This is the addition of oxygen to a compound 
• OPTICAL MICROSCOPE – This is a magnifying instrument that uses the 
combination of lenses to produce a clear image of an object far too small to be 
observed with the unaided eye. 
 
         P 
• POROSITY – Open spaces observed in the microstructure of a material due to the 
presence of trapped gas in the grains of the microstructure. 
• PLASTIC DEFORMATION – The state in which a considerable amount of stress 
is placed on a material causing it to deform to the extent of changing its shape 
permanently. 
• POLISHING – The process used to produce a smooth and shiny surface of a metal 
enabling the easy observation of the microstructure under a microscope. 
• PLASTIC FLOW – A solid mechanics theory used to discuss the plastic 
deformation or behaviour of a material. 
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         R 
• RESIDUAL STRESS – The cause of plastic deformations, alterations of physical 
properties, non-uniform changes to the microstructure of the material caused by 
the lingering effects of an external force during the manufacturing operations. 
• ROTATIONAL SPEED – This is the rate of the angular rotation of a tool about its 
axis. 
• REINFORCEMENT – These are filler materials used to improve the mechanical 
properties of a material usually metals and to prevent the propagation of cracks in 
the material matrix. 
 
         S 
• SCANNING ELECTRON MICROSCOPE – A powerful microscope which uses a 
beam of focused electrons projected across the object, the three-dimensional 
image is produced when the secondary electrons bouncing off the surface of the 
material are collected together. 
• SAMPLE – A small homogenous part derived from the whole of a material used to 
study the physical and chemical properties of the whole material. 
• SHEAR STRESS – This is the force acting in opposition to the normal stress, 
usually parallel to the surface of the material. This causes the layers of the material 
to slide off in opposite directions. 
• SOLID STATE – A state of a material in which the material is not fluid but retains 
its boundary integrity without support from external forces. The atoms or molecules 
of the material are not allowed to move freely, independently. 
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• SOLIDIFICATION – The process of changing the physical state of a material from 
liquid to solid. 
• STRAIN – The deformation of a solid material due to an applied stress. 
 
T 
• TENSILE STRENGTH – The maximum tensile stress a material can resist before 
deformation. 
• TEMPERATURE – The degree of heat present in a substance. Measured using a 
thermometer. 
• TENSILE STRESS – This is the ability of a material to resist the pulling force 
applied to it. 
• TENSILE TEST – This is a mechanical test performed to determine the overall 
strength of a material by applying a load to create tension, until a failure of the 
material occurs. 
• THERMAL EXPANSION COEFFICIENT – This is the change in the length of a 
material corresponding to a unit change in the temperature. 
• TRANVERSE SPEED – This is sometimes called the feed rate; it is the rate at 
which a tool moves or translates across the workpiece. It may be automated or 
manually controlled. 
• TOOL GEOMETRY – This refers to the physical shape of the tool used during the 
welding operations. 
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• THERMOPLASTIC – The ability of a material to soften and harden when exposed 
to heat and cold temperatures respectively. There are no changes to the inherent 
properties of the material. 
 
         V 
• VICKERS HARDNESS TEST – This is a method of determining the hardness of a 
material by applying a specified load through a diamond pyramid indenter to focus 
the load on the material. The indentations are made on the surface of the polished 
material. Afterwards, the indentations are measured. 
• VISCOUS FLOW – This flow is mostly common in fluids; it occurs when the 
particles of the fluid flow with no turbidity. 
 
         W 
• WORMHOLE – This is a manufacturing defect that occurs when the materials are 
not properly mixed and bonded during the manufacturing process. Its usually 
caused by ununiform manufacturing speed.   
• WATER JET – This is an industrial cutting machine that utilises the mixture of 
highly pressurised abrasives and water to cut a variety of tough metals. 
• WEAR – This is the removal of a materials surface layer due to the continuous 
impact on the surface by mechanical processes such as; rolling, sliding. 
• WEAR RESISTANCE – Ability of a material to withstand wear when in use.  
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• WELD QUALITY ASSURANCE – A series of test methods and standards used to 
assure the quality of welds, also used to confirm the applications of the welds 
produced.  
• WELDING – This is a joining operation used to join two similar metals or dissimilar 
metals by applying heat and pressure at specific spots to facilitate coalition. 
• WELDING PROCESS/PROCESS PARAMETER – These are the varied settings 
used to achieve the desired product output, such as; rotation speed, feed rate, 
voltage, laser beam concentration. 
• WORKPIECE – The base raw materials used for production of parts and 
components. 
 
         X 
• X-RAY DIFFRACTION – This is the scattering of X-rays across a material to obtain 
useful information about the crystalline structure of the material. 
 
         Y 
• YIELD STRENGTH – This is the stress point at which the material subjected to a 






xxvii | P a g e  
 
LIST OF PUBLICATIONS 
 
 A.M Lasisi; O.S. Fatoba; S.A. Akinlabi; R.M. Mahamood; M.Y. Shatalov; E.V. 
Murashkin; S. Hassan; E.T. Akinlabi (2020). Experimental Investigation of Laser 
Metal Deposited Al–Cu–Ti Coatings on Ti–6Al–4V Alloy. Advances in 
Manufacturing Engineering. Lecture Notes in Mechanical Engineering, 
Springer. (In Press). 
 
 A.M. Lasisi; O.S. Fatoba; S.A. Akinlabi; R.M. Mahamood; M.Y. Shatalov; E.V. 
Murashkin; S. Hassan; E.T. Akinlabi (2020). Effect of Process Parameters on the 
Hardness Property of Laser Metal Deposited Al–Cu–Ti Coatings on Ti–6Al–4V 
Alloy. Advances in Manufacturing Engineering. Lecture Notes in Mechanical 
Engineering, Springer. (In Press). 
 
 O.S. Fatoba; A.M. Lasisi; E.T. Akinlabi; S.A. Akinlabi; A.A. Adediran (2020). 
Influence of Process Parameters on the Microstructure, and Geometrical 
Characteristics of Laser Additive Manufactured (LAM) Titanium Alloy Composite 
Coatings. International Mechanical Congress and Exposition (IMECE 2020), 
Oregon Convention Center, Portland, Oregon, United States of America, 15th-19th 
November 2020 (Accepted). 
 
 O.S. Fatoba; A.M. Lasisi; E.T. Akinlabi; S.A. Akinlabi; O.M. Ikumapayi (2020). 
Experimental Study on Microstructural Evolution, Geometrical Characteristics and 
Electrochemical Behaviour of Laser Additive Manufactured (LAM) Titanium Alloy 
Grade 5. Journal of Alloys and Compounds (Under Review).
1 | P a g e  
 
CHAPTER 1: INTRODUCTION 
 
1.1 Theoretical Background  
Over the years, due to the ever-growing need of new and efficient manufacturing methods 
for production of highly complex and functional products, there has been an urging need 
for the development of different, unique, efficient and reliable types of manufacturing 
techniques. These categories of manufacturing operations incorporate processes such 
as; drilling, turning, milling, shaping. These processes are incorporated into the 
manufacturing techniques to achieve certain desired geometrical attributes; hence these 
material removal processes are required in almost every manufacturing technique. 
Although the desired geometrical attribute was achieved, this led to the excessive 
wastage of raw materials, because certain raw materials cannot be recycled hence the 
high wastage of materials lead to the increase in manufacturing costs. This again led to 
the further development of new manufacturing techniques which could meet the 
requirements of limited material wastage whilst keeping to the production demands of the 
desired geometrical attributes [1]. Hence, the development of Additive Manufacturing in 
1990.  
This manufacturing technique has since become one of the most prominent 
manufacturing operations over the past years. Across the currently expanding field of 
Additive Manufacturing, Direct Laser Metal Deposition (DLMD) is a highly efficient 
operation in engineering the desired product outcomes. This manufacturing technique is 
very versatile and can be used for the direct and functional production of advanced 
surface coatings on parts and can produce parts from porous raw materials to fully dense 
solids [1]. The desirable attribute of this manufacturing technique is that it produces 
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minimal waste once the process has been completed. This manufacturing technique 
produces components by the layer by layer deposit of the raw materials over a period of 
time, the entire process is aided by use of Three-dimensional CAD (Computer Aided 
Design), using this system it is therefore possible to engineer intricately delicate and 
highly complex parts of components and products layer by layer [2-4]. This manufacturing 
operation (DLMD) alongside other Additive Manufacturing techniques are relatively newly 
developed operations that use process parameters and computer aided design (CAD) to 
engineer and develop solid component parts ready for assembly and fit for use. As 
described earlier, the Laser Metal Deposition (LMD) is performed by the layer by layer 
deposition of metal materials onto a designated surface. This operation continues until 
the component part is fully formed and solid. The engineering, development, design of 
the component parts is greatly influenced by the Laser power of the operation and other 
process parameters [4-6]. During the engineering and layer on layer deposition process, 
the laser used for the manufacturing operation focuses a highly intense beam by 
increasing laser power onto the surface of the base alloy (Ti-6Al-4V); this increase in heat 
causes the melting of materials deposited onto the base alloy, hence causing diffusion 
into the structural matrix of the base alloy. The increase in the Laser Power of the LMD 
operation creates a molten pool (mixture of the deposited materials and the base alloy) 
[7, 8]. Through the process of deposition, the base alloy density increases by diffusion of 
the coating materials into the structural matrix of the base alloy, hence, leading to the 
creation of a strong, solid layer. the process is repeated and produces more solid 
component parts with selected metallurgical properties for specialised use. The 
engineering and modification of these properties are impacted by the selected process 
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parameters of the LMD operation namely laser power, scanning speed, gas flowrate, 
powder feed rate. The right combination of these process parameters engineers’ 
composites with the desired mechanical and physical properties for specific use. The 
microstructural evolution of the composites results from the heated fusion of the coating 
materials and the base alloy during the LMD operation. The properties of the fabricated 
components are dependent on the selected process parameters of the operation [9,10]. 
From the studies done on the LMD operation, the microstructural, physical and 
mechanical properties of the fabricated composites can be further researched by 
implementing the experimental methodology for characterization. The following are the 
advantages of the additive manufacturing technique: 
• The LMD operation enables the efficient repair, modification and improvement of 
damaged component parts. 
• This manufacturing operation enables the easy engineering of fully dense 
functioning component parts. It is a versatile manufacturing operation with 
extensive applications to both metallic and non-metallic materials.  
• The operation ensures that the engineered component parts will not require 
machining after the solidification and cooling down. 
• The application of this manufacturing operation is extensive to various industries 
and incorporates the cladding of similar and dissimilar materials to engineer 
geometrical complex and intricate component parts for specialised application.  
• LMD operation enables the mass engineering of unique component parts that do 
not require machining because the process almost completely utilises the available 
raw materials, greatly reducing waste. 
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These traits are what give laser metal deposition its quality as a desirable manufacturing 
technique valuable in aerospace and biomedical industries. The properties of titanium 
alloys although very attractive non the less make it difficult to engineer and manufacture 
highly complex geometries using commercial methods. Hence, because the LMD 
technique uses a computer aided system to effectively and efficiently plan the engineering 
of components, it proves to be an easier and convenient technique to engineer and 
manufacture raw titanium alloys and other metals to a designed finished product [11, 12].  
Titanium is an abundant element on earth (the 9th most plentiful). It is hard, and strong 
with a silver lustre. This metal occurs naturally in all igneous rocks, and can be found in 
ilmenite, rutile, titanites and several iron ores. The first discovery of titanium mineral was 
in 1791 in Cornwall but was only later refined into pure titanium metal in 1910 in the USA. 
Titanium because of its characteristics and wide range of application was has been very 
useful in the past years in various industries and across various fields of interest. 
Compounds derived from titanium such as; titanium trichloride, titanium dioxide, and 
titanium tetrachloride are used for creating white pigments, smoke screens and to 
produce polypropylene [12]. The metal titanium can be alloyed with other metals to 
produce certain alloys which will then be suitable for specific applications for mobile 
phones, jet engine designs, medical implants, automobiles, jewellery production. These 
are possible because titanium has certain properties which enable it such as; low density, 
corrosion resistance, high specific strength [12]. 
The titanium alloy most applicable in the various industries is Ti-6Al-4V alloy. However, 
despite its wide range of applications, the alloy is limited in application resulting from the 
poor hardness, low wear resistance and its ability to oxidize readily when exposed at high 
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temperature. Hence the alloy needs to be repaired or replaced after failure. This will then 
increase the cost of materials [12]. Therefore, to reduce such cost of replacements 
research into solutions that will solve this is important and by researching the relationship 
between the alloys and mechanical properties of their finished products, material failure 
will be eliminated. Various conditions affect the behaviour of titanium alloys; hence 
surface modification is a very important technique that should be employed for the 
improvement of the material properties of the titanium alloys [12]. 
The effects of hybrid coatings deposited on Titanium alloy (Ti-6Al-4V) for engineering 
enhanced composites has been the focus point of various research work and studies, 
and based on the findings from these studies and research works, there is limited 
application and use of composites combining enhanced coating materials such as Al-Cu-
Ti on Titanium alloy (Ti-6Al-4V) in the Aerospace industries. Titanium alloys play a 
practical and useful role in a wide range of industrial applications in Aerospace industries, 
they find their use in the Airbus A350XWB and Boeing B787 in accordance to M’Saobi et 
al. In these Aircrafts, there are components and parts engineered from titanium alloys 
namely; anti-crash frames, landing gears and engine parts [13,14]. The majority of the 
parts and components were engineered from materials such as high strength stainless 
steel alloys in the past, this increased the weight on the parts and components. The 
employment of titanium alloys into the aerospace industry can improve the performances 
of the parts and components including the weight to fuel ratio of the Aircrafts [14]. Over 
the years, aircrafts have employed the use of metals such as aluminium alloys for 
reinforcement of airframe materials. The material choice for aircrafts in the aerospace 
industry is greatly influenced by restrictions and requirements such as resistance to 
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fatigue, improved toughness, and low weight. For this reason, one of the most sort after 
materials currently used in engineering parts and components in the aerospace industry 
are aluminium alloys [14]. This metal is formed into plates and used for many applications 
in the aerospace industries, these applications differ in their complexity and application 
requirements, from the application of the metal to the production of simple parts through 
to the engineering of the primary structures for load bearing in Airbus A340, and Boeing 
777. Although the metal possesses desirable light weight properties and adaptable traits, 
however, there are certain setbacks aluminium alloys possess that do not allow them to 
meet the requirements of high resistance to fatigue and improved toughness [15,16]. 
Hence, the engineering of new composites which embody the best properties of the 
titanium alloys and the enhanced coatings of materials such as Al-Cu-Ti that meet these 
requirements is very important as this will greatly increase the performance of the 
fabricated parts and components for their respective applications in the aerospace 
industries and several other industries [15, 16]. Titanium and its alloys are greatly used 
across a wide range of engineering applications owing to their superior performance and 
strength. The titanium alloy (Ti-6Al-4V) when combined with enhanced coating materials 
(Al-Cu-Ti) to form composites becomes highly viable for aerospace industrial applications. 
The microstructure of the titanium alloy contains a combination of both the alpha and beta 
particles (stabilizers), the microstructure of this alloy ensures that within a wide range of 
elevated temperatures, the specific strength of the material is maintained [17]. In the 
aerospace industry and other industries, whenever there is a requirement for high 
strength performance of components and parts, most industries utilise titanium alloys 
which include the stabilizers to fulfil those requirements. Of all the alloys, the titanium 
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alloys (Ti-6Al-4V) are regarded as the standard of performance and reliability, this is 
owing to its unique and desirable set of superior properties, implementations and a high 
degree of viability for commercial requirements [18].  
The titanium alloy (Ti-6Al-4V) has increasingly substituted other alloys for engineering of 
parts and components for application in the industries such as high strength stainless 
steel alloys for engineering of various friction and critical engine parts like connecting 
rods, intake valves, and pistons. Despite the outstanding performance and uniqueness of 
this alloy in terms of properties (high fatigue strength, good fracture resistance, toughness 
and excellent corrosion resistance), it possesses poor sliding traits. Hence this leads to 
failure due to galling [18, 19]. 
1.2 Problem Statement 
The implementation and application of titanium alloys is widespread in engineering and 
manufacturing industries, due to their extensive, adaptable and excellent properties. They 
are only disadvantageous in applications which require excellent wear resistance, and 
they possess a tendency to oxidise and readiness to react to other materials and metals 
greatly limits their implementations and applications [20]. Hence engineering composites 
by depositing onto the titanium alloy with enhanced alloys (Al-Cu-Ti) of desirable 
properties can help to eliminate the delimitations of the Ti-6Al-4V alloy by combining 
excellent traits and properties from carefully selected materials. The complete fusion of 
the materials to form the composite with excellent properties are dependent on the type 
of manufacturing operation employed, and the parameters of the operation used to 
produce the composites. The Laser Metal Deposition as a manufacturing operation is a 
relatively new technique and fits the role of engineering high quality techniques [21]. The 
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LMD technique consists of several operation parameters that affect the outcome of the 
material properties and composition of the engineered composites namely; the Powder 
flow rate, the Gas flow rate, Scanning speed, Laser power. Hence it is important to 
understand the impact and influence these parameters have on the titanium alloys, 
thereby ensuring the proper modification and alterations are made to the alloy to fabricate 
quality composites for the given applications [22]. The Ti-6Al-4V alloy has poor hardness 
and is susceptible to tribological actions, hence this limits the viability of the alloy and 
limits high temperature application prospects. The effective alteration and modification of 
the surface properties of the alloy might result in the improvement of the alloy which 
ensures the realization of the overall engine efficiency and component performance [23]. 
The quality of the hybrid coatings on the composite is impacted by several variables 
namely beam velocity, laser beam, beam diameter, powder feed rate, laser power, 
scanning speed. Physical properties of the alloy also have an impact on the quality of the 
hybrid coating properties such as absorptivity of the powder and the alloy reflectivity [23]. 
It is crucial to carefully control these process parameters to ensure the best possible 
outcome in terms of enhanced properties [24].  
1.3 Aim of the Study 
The main aim of this research is to investigate the Synthesis, Simulation and 
Characterization of Direct Laser Metal Deposition (DLMD) of Al-Cu-Ti Coatings on Ti-6Al-
4V Alloy for aerospace application. 
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1.4 Objectives of the Study 
This research study consists of the following objectives: 
• Obtain an optimal setting for the selected parameters (scanning speed, laser 
power, powder feed rate, spot diameter) of the LMD technique required to 
successfully fabricate a composite of Al-Cu-Ti powder deposited onto titanium 
alloy (substrate) and produce the best materials properties. 
• Analyse through experimental analytical tools the data obtained on the impact, 
effects and implications of the optimized process parameters on the fabricated 
composite from deposition of Al-Cu-Ti powder on titanium alloy (Ti-6Al-4V). 
• Determine the morphological and structural imparts of the geometry and 
metallurgy, respectively, attributed to depositing Al-Cu-Ti hybrid coating on a 
Titanium alloy substrate. 
• To improve the surface quality, microhardness and corrosion resistance property 
of the Ti-6Al-4V/Al-Cu-Ti composite coatings. 
• Determine through CFD simulation the impact of the temperature distribution and 
melt pool on the microstructures and surface quality of the fabricated composite 
coatings. 
1.5 Hypothesis Statement  
The followings are hypothesized: 
• Through carefully selecting and adjusting the process parameters (scanning 
speed, laser power, spot diameter, powder feed rate) and enhancing the quality of 
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the surface coatings, there will be a microstructural evolution, improvements on 
the physical and mechanical properties, enhanced surface adhesion between the 
alloy substrate and the reinforcement materials. Thus, leading to the elimination of 
crack formations and high residual stresses. 
• Through the manufacturing operation (Laser Metal Deposition) of depositing Al-
Cu-Ti powder on the surface of Titanium alloy (Ti-6Al-4V) to engineer enhanced 
coatings on the surface of the composites, the engineered composites will possess 
excellent metallurgical properties (strong structural bonds) between the enhanced 
coated surface and the base alloy. Thus, this knowledge will help in preventing the 
limitations and challenges associated with deciding the right parameters to employ 
with conventional manufacturing techniques. 
• Through carefully selecting and altering the right process parameters to optimize 
in the LMD technique, the composites engineered will possess desirable 
properties. Thus, positively impacting on the microstructure, microhardness, and 
corrosion behaviour.    
1.6 Significance of the Research  
The enhancement of the Titanium alloy substrate (Ti-6Al-4V) by surface engineering will 
impact a wide range of applications to be used in Aerospace, Automotive, and biomedical 
industries. By analysing the improved properties with experimental and numerical means, 
the improvement in the properties observed will determine if the approach was efficient 
enough to be adopted into the industries. The direct laser metal deposition technique 
used is time and cost efficient in repairing components which in the past were difficult to 
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repair. This research project will expand the knowledge of research work in the area of 
LMD technique for engineering composites from the deposition of powdered metals onto 
titanium alloy (Ti-6Al-4V) at the University of Johannesburg. The engineering of unique 
composite from the deposition of Al-Cu-Ti powders on the titanium alloy using the LMD 
technique will broaden the industrial applications of titanium alloys. The results obtained 
from this research will provide more knowledge into the database of optimized process 
parameters that affect the LMD technique, thus affecting the mechanical and physical 
properties of composites engineered with this technique.   
1.7 Outline of Dissertation 
This research project is aimed at characterising the effects of the process parameters 
applied to impact the physical and mechanical properties of the composites engineered 
using the LMD technique. The composites were engineered by deposition of Al-Cu-Ti on 
titanium alloy Ti-6Al-4V. The relevant background theory and introduction of the research 
study was discussed in chapter 1. 
Chapter 2 discusses in detail the theoretical background related to titanium, aluminium, 
copper, additive manufacturing, LMD and all relevant theory behind the metallurgy, 
physical, mechanical properties associated with this research project. All this information 
was gathered from published literature and journals that have relevance to the project. 
Chapter 3 discusses the experimental methodology and procedures employed to 
thoroughly investigate, analyse and characterise the samples (composites) engineered. 
Chapter 4 discusses in detail, the results obtained from the methodology described in 
chapter 3, the data generated from the investigation into the mechanical and physical 
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properties were discussed thoroughly with analytical tools and procedures to arrive at a 
conclusion that answers the problem statement. Section 4.6 in chapter 4 focuses on the 
CFD simulation performed on the samples (composites) and discusses in detail the 
findings from the data generated. 
Chapter 5 is the conclusion of the work investigated in the project, with a scope presented 
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CHAPTER 2: LITERATURE REVIEW 
 
2.1 Introduction  
This chapter of the research covers the researched theory related to additive 
manufacturing, the laser metal deposition techniques as they relate to the manufacturing 
of different materials, the materials compatible with the manufacturing technique. The 
parameters varied during the LMD process of the base alloy is discussed in the review, 
these parameters are namely; the scanning speed, the laser power, the shielding gas 
used for the process, the delivery flow rate of the shielding gas and applications of the 
LMD process. The LMD process affects the microstructure of the substrate, forming a 
new microstructure because of the interaction of the deposited powder with the substrate 
[25, 26], the existing microstructure and grain composition of the titanium alloy was 
researched and documented in this chapter of the investigative research. The LMD 
process, like welding operations is a joining process whereby applying heat and pressure, 
two or more metals are fused together to a microstructural level and the properties of that 
material is changed, the new properties may offer new and improved qualities or reduce 
the qualities of the material [26, 27]. These properties are affected by the process 
parameters used during LMD procedure; the application of the correct process 
parameters alters properties of the material. The LMD process is used to create a pool of 
the melted substrate, and the powder is deposited unto the surface of the substrate. LMD 
metal deposition processes like welding operations can be used to develop and produce 
complex geometries and structures which will be difficult to produce using the 
conventional manufacturing techniques. These manufacturing techniques can also be 
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used to produce and repair specialized parts for machines used under specific conditions 
in industrial applications [28].    
In this chapter, the researched theory is focused on the following aspects of the 
investigation; 
• Additive Manufacturing. 
• Direct Laser Metal Deposition. 
• Titanium Alloys and their Applications. 
• Copper and its Applications in relation to the LMD Process. 
• The Laser Power of the LMD process and how it affects other Parameters used 
for the Operation. 
2.2 Additive Manufacturing  
This manufacturing technique can be described as one of the essential developing 
manufacturing techniques currently available in the industry, this manufacturing 
technique has evolved over time from the production of simple prototypes to near large-
scale production of specialized parts for custom applications, it all began with the 
prototyping technology that was used in the advancement of the haptic models. This 
technology is no doubt one of the most dominant manufacturing technique due to its 
flexible application, and wide range of industrial appeal [29, 30]. This technique is used 
in the production of fully functional component parts ready to be installed on the machines 
or systems they were designed to be used on. An appealing attribute of this technique is 
the fact that it is compatible with a wide range of materials and metals for production of 
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the specialized component parts. The materials are varied, and are in different 
compositions namely; composites, non-metallic, metallic, to name a few. The different 
categories of this technique are displayed in Table 2.1 [30, 31]. 
Table 2.1 Additive Manufacturing Techniques 
Category Processes Description Laser Required 





bonded together to 
form an object. 
No laser required 




Heat energy is 
used to selective 
fuse certain 








placed in a Vat is 







Multiple layer laser 
cladding, Direct 
Focused heat 
energy is used to 
Yes, laser 
required 








substrate as a 
material is being 
deposited onto it. 




No laser required 






The materials are 
dispensed via a 
nozzle. 
No laser required 
 
The addictive manufacturing processes that utilize lasers in their operations are grouped 
together, these processes are namely; 
• Selective Laser Melting (SLM). 
• Selective Laser Sintering (SLS). 
• Laser Cladding (LC). 
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• Laser Metal Deposition (LMD). 
2.2.1 Selective Laser Sintering  
This manufacturing technique is completed by depositing a thin layer of the powder onto 
the surface of the substrate. This manufacturing technique is computer aided, the process 
parameters for the operation are imputed into the computer system, which directs the 
laser by means of scanning mirrors on a very thin layer of powder that is sintered and 
bonded onto the substrate. The sintered powdered bonds with the substrate and form a 
new component layer [32, 33]. This layer provides the material with new properties and 
microstructure that alter the behaviour of the component, thereby enabling the component 
to function differently in the application environment [33]. The applications of this 
manufacturing technique are boundless as new process parameters of the operation 
affects the new structure of the components and provides different applications. The 
computer system controls the entire operation, as a new layer is being manufactured, the 
platform on which the substrate is placed is lowered and a new layer is manufactured on 
top of the existing one. Thus, a new and more solid component is manufactured [33].  
2.2.2 Selective Laser Melting 
This manufacturing process is the production of 3D metallic components by melting the 
raw material to produce that component. This is attained by the application of thermal 
energy on the raw material layer by layer until a solid component is formed, after cooling 
the product. This manufacturing operation enables the production of complex geometrical 
products that are custom made for different applications [34]. 
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2.2.3 Laser Cladding 
This manufacturing technique utilizes a laser beam directed on the cladding powder 
material to be melted. The laser uses thermal energy to melt the powder material onto 
the substrate. Like other laser aided manufacturing techniques, a molten pool of the 
powder material is used to form a solid protective layer on the substrate [35]. As the 
molten cladded material solidifies on the substrate, the new layer is formed, which 
provides new properties for the component. This manufacturing technique can be used 
for the cladding of similar and dissimilar materials alike. The advantage this laser aided 
manufacturing technique holds over the others is that the operation provides a low dilution 
of the base substrate and has a high deposition rate of the powder onto the substrate [35, 
36]. 
2.2.4 Laser Metal Deposition 
This manufacturing technique is like the laser cladding, they both utilize the laser beam 
to ensure fusion of the powder and the base substrate, by creating a molten pool of the 
powder on the base substrate. In Laser Metal Deposition (LMD), the scanning of the 
substrate with the laser and the deposition of the powder occur simultaneously over the 
substrate, this process is closely controlled by use of a computer system, to ensure there 
is complete fusion of the powder and the substrate, as there tends to be errors created 
by humans if the process was solely controlled by human hands. With laser cladding, the 
powder is deposited first unto the surface of the substrate before the scanning of the 
substrate via the laser beam, this is not the case for LMD [37]. In LMD the high laser 
power is focused mostly on the bulk of the substrate material, around the region where 
fusion is to be achieved, this creates a molten pool of the substrate at that region. The 
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powder to be fused with the substrate is introduced unto the molten pool by means of a 
separate nozzle. The entire process is computer aided and follows an already 
programmed pattern and pathway [38]. The laser moves along the programmed pathway 
round the substrate while the powder is deposited unto it. The molten pool eventually 
solidifies as the laser moves from one position to another. The LMD process consists of 
process parameters that affect the final component namely; the power mas flow rate, the 
transverse speed, the laser power [39]. The LMD process is controlled by an energy 
balance, this energy balance is influenced by certain parameters namely; the geometrical 
characteristics of the base substrate, the geometry of the final component, the ambient 
temperature of the surrounding [40]. The process parameters of the operation are always 
varied because different geometrical shapes require different settings. Thereby, making 
an optimum process parameter for all operations implausible the setup is shown in Figure 
2.1.  
 
Figure 2.1 Laser Metal Deposition Setup [38] 
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2.3 Materials Description 
2.3.1 Titanium  
Table 2.2 shows some of the properties of Titanium that make it so desirable and widely 
applied in the industry as a compatible metal for numerous applications [41, 42]. 
Table 2.2 Properties of Titanium 
Properties Description 
Tensile Strength The tensile of this metal is most 
comparable to the tensile strength of 
lower martensitic stainless steel. Its 
strength is better than the ferritic stainless 
steel. 
Density The density of this metal compared to 
high steel alloy shows that it is about 60% 
of the high steel alloy. 
Ultimate Strength The ultimate strength is like the strength 
of a super alloy. 
Cost This metal is costly, when compared to 
stainless steel, it costs four times as 
much. 
Creep Resistance Titanium alloys have a very high creep 
resistance, they can used in applications 
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of high temperature. They are tough 
metals that retain their structural integrity 
even at those temperatures. 
Corrosion Titanium possesses excellent corrosive 




Figure 2.2 Aircraft Engine Application of Titanium [43] 
   
The physical properties of Titanium make it such a desirable metal for industrial 
application, these properties are diverse and cut across all fields of science and 
engineering. Table 2.3 shows the mechanical properties of Titanium [44, 45]. 
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Table 2.3 Mechanical Properties of Titanium 
Physical Properties of Titanium (Unalloyed) 
Properties Values 
Modulus of Elasticity 11.6 × 1011 𝑑𝑦𝑛𝑒/𝑐𝑚2 
Boiling Point 3260℃ 
Heat Vaporization 112500 𝑐𝑎𝑙/𝑚𝑜𝑙 





42 𝜇Ω − 𝑐𝑚 
55 𝜇Ω − 𝑐𝑚 
Density 4.54 𝑔/𝑐𝑚3 
Thermal Conductivity 0.041 cal/cm/s/K 
Specific Heat 0.125 cal/K/g 
Compressibility 0.8 × 10−6 𝑐𝑚2/𝐾𝑔 
Heat Fusion 5020 𝑐𝑎𝑙/𝑚𝑜𝑙 
α and β transformation 882℃ 
Latent heat of Transformation 1050 𝑐𝑎𝑙/𝑚𝑜𝑙 
Coefficient of Thermal Expansion (20°C) 8.8 × 10−6 cm/cm/K 
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Atomic Number 22 
Atomic Weight 47.9 
 
2.3.2 Aluminum and Copper  
2.3.2.1 Aluminum 
Aluminium is a very light weight material used commonly in the aerospace industry for 
the production of airplane parts and used for the production of everyday materials such 
as; foils, tin cans, beer kegs, kitchen utensils. This material is soft and malleable, easy to 
manufacture into a variety of shapes and geometries [46]. The desirable properties of 
aluminium make it must have in the industry for production of parts and integration into 
systems [47]. This metal is non-toxic, the second most malleable, possesses low density 
and corrosion resistant, a very versatile material. Aluminium finds its place in the 
transportation industry because it alloys with other metals such as; copper, manganese, 
magnesium and silicon which are important in the production of airplanes and other forms 
of transportation [47, 48]. 
Aluminium consists of the following physical properties; 
• This metal is light, has low density, possesses numerous surface finish. 
• Aluminium possesses excellent thermal and electrical conductivities. 
• This metal is easy to machine, cut and reshaped into a variety of geometries. 
• It possesses excellent heat and reflective properties. 
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• This metal is compatible with most manufacturing techniques; it can be resin 
bonded, brazed, welded and riveted. 
• Aluminium is light, but it possesses high strength to weight ratio. 
• Aluminium possesses excellent corrosion resistance properties. 
• It does not require protective coating on the surface. 
2.3.2.2 Copper 
Copper is a very versatile metal, it is one of the few metals which occurs naturally in the 
environment, similar to aluminium, it possesses desirable characteristics which make it 
applicable in a variety of ways in the industry. It is not a heavy metal, but it weighs more 
than aluminium, it is denser [49]. Similar to aluminium, it possesses good characteristics, 
it is soft and easily malleable. Hence manufacturing it into desired shapes and geometries 
is possible. This metal is used as a building material, it alloys with other metals to assist 
the production of machine parts [49]. 
Copper consists of the following physical properties; 
• Copper is an excellent conductor of heat and electricity. 
• Copper possesses excellent corrosion resistance properties. 
• When alloyed with other metals, copper has a high toughness. 
• It is a non-magnetic metal.  
Table 2.4 shows the mechanical and physical properties of aluminium and Copper 
(unalloyed) [49]. 
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Table 2.4 Mechanical and Physical Properties of Aluminium and Copper 
Physical and Mechanical Properties of Aluminium and Copper (Unalloyed) 
Properties Materials/Values 
 Aluminium Copper 
Thermal Conductivity 237 Cal/cm/s/K 401 Cal/cm/s/K 
Specific Heat 0.91 KJ/Kg.K 0.39 KJ/Kg.K 
Boiling Point 2470℃ 2562℃ 
Melting Point 660.32℃ 1084.62℃ 
Heat of Vaporization 284 𝐶𝑎𝑙/𝑚𝑜𝑙 300.4 𝐶𝑎𝑙/𝑚𝑜𝑙 
Modulus of Elasticity 70 𝐺𝑝𝑎 110 − 128 𝐺𝑝𝑎 
Electrical Resistivity 28.2 𝜇Ω − 𝑐𝑚 16.78 𝜇Ω − 𝑐𝑚 
Heat of Fusion 10.71 𝐶𝑎𝑙/𝑚𝑜𝑙 13.26 𝐶𝑎𝑙/𝑚𝑜𝑙 
Atomic Number 13 29 
Crystal Structure FCC FCC 
Atomic Weight 26.98 63.54 
Compressibility 0.139 × 10−5 𝑐𝑚2/𝐾𝑔 0.735 × 10−6 𝑐𝑚2/𝐾𝑔 
Density 2.7 𝑔/𝑐𝑚3 8.96 𝑔/𝑐𝑚3 
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Coefficient of Thermal 
Expansion (20℃) 
24 × 10−6 cm/cm/K 17 × 10−6 cm/cm/K 
 
2.3.3 Aluminum Alloys and the Effects of Alloying Elements 
The aluminium alloys used for industry applications can be categorized into two, namely; 
heat treatable, non-heat treatable. The alloys which are categorized as heat treatable are 
made up of elements that reduce in the solid solubility, which is caused by the reduction 
in temperature, accompanied by the reduction in the concentration which exceeds the 
equilibrium solid solubility of the elements at high temperatures [46]. The most significant 
alloying elements used alongside aluminium are; zinc, magnesium, copper. The focus of 
this research is on the Aluminium-Copper alloys used for the LMD procedure. The 
composition of Aluminium-Copper alloys consists of 2 to 10 wt% of copper [46, 47]. The 
alloy contains smaller compositions of other elements to ensure a stronger bond and 
create variations for the Aluminium alloy family. Wrought and cast Aluminium-Copper 
alloys increase in hardness and strength and decrease in the elongation properties as the 
alloys react to ageing. The merging of alloying elements with Aluminium may not always 
improve the mechanical properties of aluminium [47]. The introduction of Copper into 
Aluminium decreases the ductility and the corrosion resistance of the metal. These alloys 
are varied in composition and this is to soothe the different applications in industry, such 
as; aerospace, automobile and rocket part productions. Impurities exist in alloyed metals, 
the most reoccurring impurity in Aluminium alloys is iron, existing in high solubility in 
molten aluminium [48]. This implies that it does not exist in high percentages in the solid 
state as it is dissolved into the Aluminium at the molten stages of the manufacturing 
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technique. The solubility of iron in this solid state of aluminium alloys is very low 
approximately less than 0.05%, hence most of the iron compositions that occur in the 
aluminium alloy are formed as intermetallic second phase grains in combination with the 
aluminium [48]. 
2.4 The Laser Metal Deposition Technique  
The laser metal deposition technique was not first invented with deposition in mind but 
was first developed as a simple laser technique and this invention was accredited to 
Theodore Mainan. The laser technique was invented in the 1960’s. this technique has 
however improved significantly over the years and there has been substantial growth in 
the applications of this technique, the technique branches out to almost every sector of 
the industries today, due to the accuracy and efficiency of the technique. The technique 
itself comprises of key elements which enable the entire process in its operations, namely; 
the laser beams and laser power. The laser beam is observed as a form of energy 
(optical) [50]. This technique as briefly explained earlier has branched out into industries 
such as; medicine, electronics, photography, material processing, communication. In the 
manufacturing industry, the laser beam energy is used as heat energy which melts the 
surface of substrate and produces a melt pool of the material, this enables the fusion and 
integration of other materials onto the substrate [50]. This laser beam light is developed 
by the stimulation of radiation to produce light amplification. In manufacturing, the laser 
beam is directed to the material, this interaction of the beam and the material causes 
vibrations to be produced across the material and heat energy is transmitted over the 
focused surface, hence the laser beam is transformed from optical energy into heat 
energy [51]. The energy source of the laser beam excites the electrons in the source of 
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the beam and moves them from the state of lower energy to a state of higher energy. At 
this state of higher energy, the electrons will lose a part of their energy as photons, after 
which they will move back to the state of lower energy. The laser beam is then created 
when the energized photons interact with the other disturbed atoms in the stream, which 
causes the number of photons in the stream to be increased hence this leads to the 
propagation of the Natural Wavelength [51]. Hence producing a Laser Beam. The LMD 
operation as a manufacturing technique is a process which creates a molten pool on the 
base alloy (substrate) onto which the coating materials (powder) is fed via a nozzle, this 
heat generated on the surface of the base alloy by the Laser Beam enables the bonding 
of the powder materials to the base alloy [51]. The engineering of the new improvements 
of the base alloy is done layer by layer until a solid deposit of the enhancement materials 
is formed on the base alloy [52]. The entire operation of deposition is computer aided via 
a program, this ensures consistency and accuracy of deposition. Different operation 
Configurations are shown in Figure 2.3. 
 
Figure 2.3 Laser Metal Deposition Configurations [52] 
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2.4.1 Characteristics of the Laser Metal Deposition  
Shown in Figure 2.4 is a description of the features and characteristics of the lasered 
Bead Cross observed during the LMD operation. This features and characteristics are 
greatly influenced by the process parameters implemented during the LMD operation [53]. 
 
Figure 2.4 Geometrical Characteristics of Deposited Clad [53] 
There are several process parameters which affect the features and deposition of the 
clad during the LMD operation namely; the deposition speed (transverse speed), the laser 
power, gas flow rate of the system, powder (coating materials) feed rate, the angle of the 
feed nozzle, the properties of the coatings and the base alloy, heat distribution throughout 
the materials and the spot diameter [54]. The selected features and geometrical 
properties that will be analysed after the LMD operation are namely; Heat affected Zone 
height, Deposit height, Deposit width, Regional Dilution, the melt depth on the base alloy 
and the newly evolved characteristics of the microstructure [55]. The description of these 
properties is shown in Figure 2.5. 
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Figure 2.5 Geometrical Descriptions of the Deposited Clad [55] 
The Heat Affected Zone (HAZ or HAR) is the area of interaction between the deposited 
coatings and the base alloy, accomplished by the extreme heat of the LMD operation, 
usually seen as an after mark of the operation. The HAZ is the region located below the 
clad of the deposit on the base alloy (substrate) [56]. The HAZ is formed as a result of the 
bond (metallurgical) between the deposited coatings and the base alloy. The deposition 
of the materials via the laser on the base alloy allows a rapid introduction heat transfer 
into the base alloy, thereby, the base alloy acts as a heat sink and absorbs the heat 
energy [56]. 
2.4.2 The Process Parameters for the LMD Operation 
The process parameters of the LMD operation greatly impact the physical and mechanical 
properties of the layer by layer deposit of materials to engineer components or parts, 
hence by selecting a certain number of process parameters, the effects on LMD operation 
can be characterised [57]. These process parameters will be discussed in detail in the 
sections of this chapter. 
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2.4.2.1 The Laser Power  
This process parameter has a direct impact on the quality of the components and parts 
engineered, among the process parameters of the LMD operation, it plays an important 
role as a result of its function of providing the heat energy required to complete the 
operation successfully by bonding the deposited material to the base alloy. The intensity 
produced by the Laser Beam is determined by the intensity of the Laser Power used for 
the operation, as well as the affected area of the beam (the range of the deposition spot). 
The laser power of the LMD operation has a direct relationship with the geometrical 
features of the deposit namely; deposit width, deposit height, HAZ height [58]. According 
to studies done on the LMD operation, the increase in the laser power of the operation 
results in increase of the deposit height, deposit width, percent dilution and the powder 
efficiency, as more materials are melted onto the base alloy because of the available heat 
energy [59]. With the right temperature, the deposit width and height can increase steadily 
to the right size and composition. However, when the laser power of the operation keeps 
increasing there will be increase in the melting of the materials, hence creating a thin 
layer of the materials instead of a dense solid deposit on the base alloy, thereby 
increasing the dilution rate of the materials. More heat introduced onto the base alloy, 
more materials are melted, and a shorter deposit height is produced. The increase in laser 
power also helps smoothen out the materials deposited on the base alloy, by increasing 
the rate at which the materials are melted, thereby filling up any porous spaces on the 
surface of the material [60]. All this are accomplished by delivering the right amount of 
energy through the laser to melt the base alloy and allow metallurgical fusion of the 
coating materials. If the laser power is increased to a degree more than the base alloy 
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and the coating materials can handle, then vaporisation of the materials occurs, and this 
process increases the base alloy’s absorption of the laser power causes and extreme 
case of material dilution into the base alloy. Hence due to these factors and instability of 
the deposited materials, using an extremely high Laser Power is very undesirable for the 
LMD operation [60]. The Laser description is shown in Figure 2.6.  
 
Figure 2.6 LMD Operation Laser [60] 
2.4.2.2 Scanning Speed  
This process parameter does not produce the same results produced by the laser power, 
the laser power has a direct impact and proportional relationship with the quality of the 
components and parts produced. The scanning speed of the LMD operation has an 
inverse proportionality to the quality and characteristics of the layers produced. From 
studies conducted on the LMD operation, it is shown that the increase in the scanning 
speed (transverse speed) of the operation will decrease the quantity of the coating 
materials been deposited on the surface of the base alloy (deposition per unit length) [61]. 
The inverse relationship between the Scanning Speed (transverse speed) and the 
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geometrical properties of the deposit is as follows; the increase in the scanning speed of 
the LMD operation decreases the deposit height, deposit width, HAZ height, melt depth, 
percent dilution, powder efficiency [61]. 
2.4.2.3 Shielding and Delivery Gas Flowrate  
This is the gas used during the entire LMD operation, it serves certain purposes in the 
operation, It is used as the carrier medium for depositing the powder material on the 
molten pool on the surface of the base alloy, while it protects the point of deposition of 
the materials onto the molten pool from oxidation [62]. The gases used for this operation 
are inert gases namely; Argon, Nitrogen, Helium. The commonly used one of these gases 
is Argon, it is cheaper and dense. The disadvantage of the gas system is that sometimes 
causes defects in the surface of the alloy, the gas flow into the molten pool can create 
porosity if the pressure is too high and the gas can be trapped inside the surface creating 
air pockets on the material [62]. The gas flow directly determines the Scanning Speed of 
the LMD operation, the rate at which the powder is deposited into the molten pool on the 
surface of the material. It also impacts the laser power of the operation, increasing gas 
flow of the operation will cause a decrease in the laser power of the operation [62]. 
2.4.2.4 The Powder Feed Rate  
Shown in Figure 2.7 is the configuration of the feed nozzle. The feed rate of the LMD 
operation directly impacts the geometrical properties of the clad (deposit), there is a 
directly proportional relationship between the feed rate and the density of the clad, an 
increase in the feed rate of the coating materials results in an increase in the coating 
materials deposited into the molten pool on the surface of the alloy, hence increasing the 
material density of the clad. The coating materials can be deposited into the molten pool 
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on the surface of the alloy via the feed nozzle in these configurations; lateral and coaxial 
configuration of the feed nozzles [63].  
 
Figure 2.7 Powder Feed Configuration [63] 
 
Shown in Figure 2.8 is the coaxial configuration of the nozzle, in this configuration, the 
laser beam, feed nozzle and gas nozzle are all part of the same configuration. The laser 
beam is directed onto the surface of the base alloy from the centre of this configuration, 
while the feed nozzle and gas nozzle are set up alongside it at an angle for easy and 
interrupted deposition, hence this leads to the simultaneous deposition of the material 
while the laser beam is active with the shielding gas protecting the operation [64]. 
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Figure 2.8 Coaxial Powder Feed Configuration [64] 
The Lateral configuration of the feed rate shows a flexibility in the direction at which the 
feed rate can be installed for delivery of the coating materials, the configuration shown in 
Figure 2.9 displays the laser beam and the shielding gas nozzle as a sub configuration 
and the feed nozzle is configured to deposit the powder materials at an angle onto the 
molten pool on the surface of the material. In this configuration, the interaction of the laser 
beams and the deposited material is very important as it determines the quality of the 
layer by layer deposition [65]. The increase in the feed rate of the materials has a positive 
effect on the powder efficiency, as more materials result in more material density and 
increase in the geometrical attributes of the deposit; the height, width, HAZ height and 
width. The increase in the powder efficiency of the LMD operation is impacted by the 
configuration employed, higher efficiency when the nozzle is configured to be fed from 
the side of the machine with the laser beam at the centre [65]. 
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Figure 2.9 Lateral Powder Feed Configuration [65] 
2.4.2.5 Regional Dilution Rate of the Materials  
This term is used to describe the ratio of the deposition material fused completely with 
the base alloy (complete mixing of the materials and the base alloy to form the enhanced 
clad). The laser beam alters the clad properties, as the interaction between the laser 
beam, deposited materials and the base alloy continues, the metallurgical properties of 
the clad is changed by the diffusion of heat, deposition materials, base alloy elements 
into one spot [66]. The dilution process occurs when the laser beam creates the molten 
pool of the base alloy and the coating material is deposited via the feed nozzle. The aim 
of depositing coating materials on the base alloy is to ensure enhanced physical 
properties on the base alloy, hence dilution of the materials is required to prevent the 
materials from completely vaporising off the base alloy. The diffusion rate of the LMD 
operation is impacted by the process parameters of the LMD operation namely; Scanning 
Speed, Laser Power, Gas Flow Rate, Feed Rate (Powder) [66]. The expected dimensions 
of the deposited coatings on the base alloy is shown in Figure 2.10. The Dilution of the 
coating materials on the base alloy greatly impacts the properties and the limits of the 
performance of the newly engineered composites. From previous studies, the increase in 
the dilution by excessive increase in the heat energy of the LMD operation during 
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deposition of coating materials decreases the corrosion resistance properties, wear 
resistance properties and greatly alters the microstructure of the clad [67]. Hence this 
leads to the creation of residual stresses in the clad formed leading to the propagation of 
defects in the structure of the deposit. The depth of the material dilution during LMD 
operation is determined by the amount of heat energy is absorbed into the base alloy [67]. 
All process parameters directly impact the dilution rate of the deposited materials on the 
base alloy. But during the LMD operation, the tree main parameters that greatly impact 
the dilution rate are namely; feed rate, laser power and scanning speed. Hence these 
parameters are required to analyse the Dilution depth of the coating materials [67]. To 
calculate the dilution rate, the following equation is employed; 





The interpretation of the variables in Equation 2.1 are as follows; 
• d represents the dimensionless Dilution rate. 
• D represents the coatings depth of penetration into the base alloy measured in 
metres (m). 
• H represents the height of the deposited coating on the base alloy measured in 
metres (m). 
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Figure 2.10 Dimensions of Deposited Clad [67] 
 
2.4.2.6 Aspect Ratio  
The aspect ratio of the deposit on the base alloy is a representation of the geometry, 
shape and size of the clad produced as a function of the deposit width and height. It is 
ratio of the deposit width to height [68]. As shown in equation 2.2. 





The interpretation of the variables in Equation 2.2 are as follows; 
• W represents the deposit width measured in metres (m) 
• H represents the deposit height measured in metres (m) 
2.4.2.7 Powder Efficiency  
This efficiency is a function of the deposit width and height, hence it is evaluated using 
the geometrical features and characteristics of the deposit. Therefore, to analyse the 
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geometrical features and obtain the powder efficiency, a modified Simpson’s rule is 
employed [69]. The powder efficiency is obtained using Equations 2.3 and 2.4. 
 
Figure 2.11 Deposited Clad Dilution Characteristics [69] 
 
 𝐴𝐷𝑒𝑝𝑜𝑠𝑖𝑡 = 0.8 ×𝑊 × 𝐻 (2.3) 
 
The interpretation of the variables in Equation 2.3 is as follows; 
• 𝐴𝐷𝑒𝑝𝑜𝑠𝑖𝑡 represents the area of the clad deposit measured in metres squared (m2) 
• 𝑊 represents the width of the clad deposit measured in metres (m) 
• 𝐻 represents the height of the clad deposit measured in metres (m) 
Finally, the powder efficiency (η) is calculated using the Equation 2.4. 
 𝜂 =  
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The interpretation of the variables in Equation 2.4 are as follows; 
• 𝜂 represents the Powder Efficiency (dimensionless). 
• A represents the area of the clad deposit measured in metres squared (m2). 
• 𝛲 represents the density of the coating materials measured in Kilogram per metres 
cubed (𝑘𝑔/m3). 
• ν represents the scanning speed measured metres per second (?̇?/𝑠). 
• 𝑚 represents the powder flow rate measured in Kilogram per second (𝑘𝑔/𝑠)  
2.5 Titanium and Its Alloys  
This metal and its alloys are one of the most abundant elements in the earth, it occurs 
naturally and possesses characteristics and desirable properties that make it applicable 
to several industries. This metals abundance is comparable to metals like; Copper, 
Chromium, Nickel. It holds its place as the fourth most abundant metallic element in the 
earth. This metal and its alloys possess great corrosion resistance properties and high 
strength; they are tough [70]. Titanium and its alloys are widely applied to several 
industries namely; Aerospace, Medical, Sporting, Chemical, Automobile, Paper 
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Table 2.5 Industrial Applications of Alloys 
Alloys Applications 
Grade 9 (ASTM) UNS R54210 Applied in the field of Cryogenics. 
Grade 9 (ASTM) TI 6211 and UNS 
R56400 
A versatile alloy applied in several 
industries namely; Medical, Aerospace, 
Marine, Automotive. 
Grade 5 (ASTM) UNS R58030 Applicable in the following industries; 
Aerospace for aircraft, springs. 
Grade 12 (ASTM) UNS R53400 Applicable in the Chemical industries; 
used in chlorine cells and heat 
exchangers. 
Grade 9 (ASTM) UNS R56210 Applicable in the marine industry. Very 
tough alloy. 
Grade 5 (ASTM) UNS R56400 Applicable in the automotive industry; for 
creating components and parts. 
Grade 5 (ASTM) UNS R54810 Aerospace industry and manufacture of 
turbines. 
Grade 9 (ASTM) UNS R56320 Applicable in the Chemical industry. 
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Figure 2.12 Aerospace Application of Titanium Alloys [72] 
Titanium and its alloys can be categorized into different grades, according to the phase 
of the alloys, namely;  
• Beta Alloys (β). 
• Pure Titanium (can be modified for commercial use). 
• Alpha and Beta Alloys (α and β respectively). 
• Pure Alpha and near Alpha alloys (α and near α respectively). 
2.5.1 Properties of Titanium 
This metal possesses high corrosion resistance properties when compared to other alloys 
in the same application, alloys namely; Aluminium, Stainless Steel. It also possesses 
good strength to weight ratio, when compared to other steel alloys, it weighs 40% less. 
The difference between the different Titanium alloys (ASTM Grades) and their chemical 
compositions are shown in Table 2.6 [3, 73]. 
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Iron 0.4% 0.3% 0.3% 0.35% 
Vanadium 3 to 4.5% None None None 
Aluminium 5.5 to 6.5% None None None 
Oxygen 0.2% 0.25% 0.26% 0.3% 
Palladium None 0.13 to 0.26% None None 
Nickel None None 0.7 to 1% None 
Carbon 0.1 to 0.2% 0.2% 0.09% 0.15% 
Molybdenum None None 0.3 to 0.5% None 
Nitrogen 0.06% 0.04% 0.03% 0.04% 
Hydrogen 0.015% 0.016% 0.016% 0.016% 









The characteristics and properties of Titanium alloys and unalloyed Titanium are shown 
in Table 2.7. They are categorized according to their ASTM Grades. The unalloyed 
Titanium Grades are namely; Grades 1,2,3,4 [3, 73].  
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1 Very ductile but possesses low strength. 
2 Moderately strong and ductile. 
3 Possesses moderate strength. 
4 Similar to grade 3, also possesses moderate strength. 
5 Good corrosion resistance properties, very tough and possesses high 
strength. 
7 Possesses superior corrosion resistance, specially improved for 
resistance to acids. 
9 Possesses moderate strength, used in highly pressurized systems. 
11 Similar to Grade 7. 
12 Improved corrosion resistance properties, possesses reasonable 
strength. 
16 Properties similar to Grade 7, but at a lower cost. 
18 Similar to Grade 9, also possesses good corrosion resistance and 
resistance to acids. 
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Due to the variations in the chemical compositions of the alloys shown in Table 2.7, the 
mechanical properties of the alloys also change and vary greatly [5, 33]. This is shown in 
Figure 2.13 
 
Figure 2.13 Stress Strain Properties of Titanium Alloy [33] 
 
 
Figure 2.14 Yield Strength of Titanium Alloys [33] 
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From Figure 2.14, it is shown that the yield strength, tensile strength of Titanium Alloy 
Grade 5 is much higher than other alloys and other titanium alloys. The mechanical 
properties of Titanium Alloy Grade 5 (Ti-6Al-4V) used as the base alloy for this research 
is shown in Table 2.8 [44]. 
Table 2.8 Mechanical Properties of Grade 5 Titanium (Ti-6Al-4V) 
Properties Maximum 
Value 
Minimum Value S.I Units 
Hardness 3730 3370 MPa 
Modulus of Rupture 1080 786 MPa 
Ductility 0.18 0.05  
Density 4.513 4.430 Kg/m3 
Shear Modulus 45 40 GPa 
Poisson’s Ratio 0.38 0.32  
Endurance Limit 567 530 MPa 
Compressive Strength 1080 850 MPa 
Bulk Modulus 154 97 GPa 
Energy Content 1252 752 MJ/Kg 
Atomic Volume 0.011 0.1 M3/kmol 
Loss Coefficient 0.002 0.001  
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Elastic Limit 915 785 MPa 
Fracture Toughness 108 85 MPa.m0.5 
Specific Heat 571 554 J/Kg.K 
Tensile Strength 1201 863 MPa 
Thermal Expansion 9.2 8.6 10-6/K 
Melting Point 1934 1879 K 
Young’s Modulus 120 111 GPa 
Thermal Conductivity 7.4 7.2 W/m.K 
Latent Heat 371 361 KJ/Kg 
Resistivity 171 169 10-8ohm.m 
Maximum Temperature 
for Service 
690 620 K 
Minimum Temperature 
for Service 
 0 K 
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Figure 2.15 Stress Strain Properties of Ti-6Al-4V Against other Titanium Alloys [44] 
 
2.5.2 Corrosion Resistance of the Base Alloy (Titanium Alloys)  
Corrosion is defined as the aggressive removal of materials on the surface of metals, this 
is initiated by exposing the metals to certain conditions in environments that are harsh 
and destructive. In experimental corrosion of materials and metals, the necessary 
conditions that initiate the process are the Anodic and Cathodic reactions of the solution. 
In the cathodic reactions of the corrosion experiments, there are gains of electrons 
through the reduction phase of the reaction [17, 74]. In the Anodic reaction experiment, 
there are losses of electrons through the oxidation phase of the reaction. The corrosion 
of Titanium and its alloy are usually performed by hot reducing acid solutions. The 
composition of acids namely; Sulphuric and Hydrochloric, consist of impurities. These 
impurities are composed of; Ferritic ions, Cupric ions, and others. These impurities are 
present in the alloy to passivate it. In the experimental corrosion of Titanium and its alloys, 
it holds the position of the Cathode reagent in a solution (galvanic) [20, 75]. Hence, when 
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corrosion of titanium and its alloys is performed with dissimilar materials, this will inhibit 
the speed of corrosion. However, in comparison between Aluminium and Titanium in the 
corrosive environment, titanium is far more resistive to the reactions. Due to this property 
of titanium, coating it with a layer of hydrogen (hydride film) elements on its surface 
stabilises the alloy to prevent further corrosion of the material. The corrosion of Titanium 
and its alloys tend to be initiated when exposed to elements and solutions namely; 
Bromide, Iodide and Sulphate solutions. The solution tends to remove by dissolving other 
oxidizing agents, by restriction of the solutions volume [76]. Hence in the corrosion 
experiment, the Anode and the Cathode form electrolytic cells. This results in the 
dissolution of the material (metal) in the solution to occur at the Anode. In a solution where 
there is a formation of Titanium Chloride, the reaction in the solution is not stable, hence, 
producing HCl (Hydrochloric) acids through hydrolysation. When initiated, this reaction 
proceeds at a slow rate, it alters the pH levels (by reduction) of the solution in the crevice. 
The corrosion resistance of the solution in the containment can be greatly improved by 
the addition of elements namely; Nickel, Molybdenum, Palladium to the base alloy 
(Titanium alloys) [77]. The base alloy (Titanium) possesses a very strong resistance to 
Chlorine gas, Chlorinated Brines and Hypochlorite. The chemical composition of Titanium 
coupled with water (natural) at boiling point temperature is resistive against corrosion. In 
industrial applications, Titanium and its alloys have greatly replaced other alloys namely; 
Copper based alloys, Stainless steel alloys, because these alloys would simply corrode 
away in a solution with Sulphides. Titanium possesses good corrosion resistance 
properties, however, there are limitations imposed by the concentration of certain 
elements in the solution such as; the concentration of Nitrogen in solution is above 2.6% 
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and the concentration of water is below 1.4%. In this case, the use of Titanium and its 
alloys is not suggested for solutions like and similar to Red-Fuming Nitric Acid. Figure 
2.16 and 2.17 shows the corrosion resistance properties of Titanium alloys [78]. 
 
Figure 2.16 Corrosion Properties of Titanium Alloys [78] 
 
Figure 2.17 Corrosion Properties of Titanium Alloys in a Crevice [78] 
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2.5.3 The Microstructural Evolution of Titanium and its Alloys  
As a Transition Metal, the base alloy (Titanium) possesses an atomic number of 22 and 
its atomic weight is given as; 47.9. The metal; Titanium and its alloys are composed of 2 
allotropic alterations; the Alpha (α) and Beta (β) allotropes. The Beta (β) allotrope present 
in Titanium and its alloys is sustainable at very high temperatures up to 883 degrees 
Celsius (oC) and possesses a melting point temperature at 1669 oC [79]. the Alpha (α) 
allotrope in titanium and its alloys are present at temperatures less than 883 oC. According 
to the research from previous studies, in the structure (Valence Electronic Structure) of 
titanium at the atomic level, it has an incomplete shell. This structure enables the 
formation of solid solutions by substituting in other elements (with a size factor; ±20%), 
usually substitutions by elements such as; Oxygen, Carbon. A stable composition 
containing both the Alpha and Beta allotropes is dependent on the available electrons in 
the structure of the alloying composition [7, 80]. The stability of the structure is dependent 
on the electron ratio present within the structure, if the added alloying elements 
possesses substituting electrons of ratio bigger than four, the Beta (β) allotropes become 
stable, if the ratio is lesser than four, the Alpha (α) allotropes are stable. With a ratio of 
four it is considered neutral. Elements present of the Periodic Tables are categorised into 
4 groups, these are the categorisation in their groups based on their interactions with the 
Titanium alloy [81]. 
• Periodic table elements that do not react with the Titanium alloy; namely the 
Alkaline earth elements of which the only exception is Beryllium. 
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• Periodic table elements that form compounds (covalent or ionic compounds) 
namely; Selenium, Chlorine, Bromine, Iodine, Phosphorus, Fluorine. These 
elements react with Titanium to form compounds (covalent or ionic compounds). 
• The Periodic table elements that are ready at standby to form solid solutions and 
compounds (integration with the alpha (α) and beta (β) allotropes). The elements 
in this category similar to titanium possesses incomplete electron shell structures, 
their configuration is similar, hence, throughout their structure exist alpha (α) and 
beta (β) allotropes. These elements are namely; Zirconium, Hafnium. Similar 
elements in this category namely; Vanadium, Molybdenum, Niobium, from studies 
show very limited solubility (in the α phase) in the structure of Titanium [81, 82]. 
• Periodic table elements that are limited in forming solid solutions; these elements 
undergo transformations (eutectoid) which effectively decrease the beta (β) 
allotropes of the alloy, hence the decreasing of the beta allotropes raises the 
transformation energy resulting in maximum solubility. These elements are 
namely; Copper, Manganese, Nickel, Cobalt, Chromium [81, 83]. 
The third category of elements that can form solid solutions with the Titanium alloy are 
composed of alpha (α) and beta (β) allotropes. The structure of the alpha (α) allotropes 
is described as a hexagonal structure (closely packed), interconnected particles in a 
defined shape. The beta (β) allotropes is described as a Body Centred Cubic (BCC) 
structure [84, 85]. These structures are shown in Figure 2.18. The formation of solid 
solutions with Titanium alloy are categorised depending on the nature of the solubility of 
the interacting elements in the alpha (α) and beta (β) allotropes. These elements are 
easily soluble in alpha (α) allotropes; Aluminium, Nitrogen, Carbon, Oxygen. These 
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elements are regarded as the alpha (α) stabilisers. The following elements are soluble in 
the beta (β) allotropes; Vanadium, Iron, Nickel, Chromium. They are regarded as beta (β) 
stabilisers. The following elements are neutral in the allotropes; Zirconium, Selenium. 
They are neutral because they do not stabilise in the allotropes [85, 86].  
               
Figure 2.18 Crystal Structures of Titanium; Alpha phase (Left and Center), Beta Phase (Right) 
[85, 86] 
The addition of alloying elements that are regarded as stabilisers of both allotropes (α 
and β) is increasing in the commercial productions of Titanium alloys. These elements 
are regarded as the most ideal additions to the titanium alloys namely; Vanadium, 
Molybdenum, Tantalum, Niobium. The addition of these alloying elements results in new 
advancements and development of high temperature property intermetallic alloys such 
as; Ti3Al, TiAl [86, 87]. The addition of alloying elements such as Chromium and Iron is 
performed in restricted quantities, because they transform the structure of the Titanium 
alloys forming eutectoid stabilisers. The addition of alloying elements to Titanium alloys 
to form an improved structure alters the allotropes in the microstructure of the alloys [87, 
88]. The description of these possible additions are as follows; 
• Alloys that are composed of allotropes close to alpha (α) allotropes; to achieve the 
aim of improved surface, mechanical, physical and workability properties of the 
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base alloy, a certain percentage (3%) of beta (β) allotrope stabilisers is required in 
the composition of the materials. The alloys produced from these solid solutions 
possesses the following traits; good creep resistance, high strength properties, 
resulting from the combination of alpha (α) allotropes from the alloying elements 
and alpha plus beta (α +β) allotropes from the alloying elements, hence making it 
an adaptable alloy. These alloys are generally employed for application in 
Aerospace industries (Engine Parts). From the microstructural analysis of these 
alloys, there are little amounts of beta (β) stabilisers retained in its structure [89]. 
• Alloys that are composed of alpha (α) allotropes; the structural analysis of these 
alloys shows that only the alpha (α) allotrope stabilisers are dominant within its 
composition. Hence, they are regarded as single-phase alloys. Their formation is 
a result of a solid solution comprising of alloying elements with neutral stabilising 
properties and alloying elements with an excess of the alpha (α) allotropes. These 
alloys possess good characteristics as they are able to function at high 
temperatures and have high strength. This however leads to a problem with heat 
treatment as they are adapted for high temperature function because of the 
alterations [90]. 
• Alloys comprising of the beta (β) allotrope stabilisers; these alloys are formed from 
solid solutions where the microstructural allotropes are composed of neutral 
alloying elements in combination with 35% of the beta (β) allotropes, this results in 
the stabilisation of the microstructure at standard temperature. These alloys are 
employed in a corrosive environment because of their high-density structures [91]. 
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• Alloys with a combination of the alpha and beta allotropes (α + β); they comprise 
of a microstructural composition of alpha and beta (α + β) allotropes from the 
alloying elements to stabilise their internal structure. These alloys possess good 
properties; high strength, corrosion resistance, adaptability and workability. The 
Titanium Grade 5 (Ti-6Al-4V) alloys falls into this category [92, 93]. 
• Alloys consisting of beta (β) allotrope stabilisers (metastable structural alloys); 
these alloys are greatly employed in the aerospace industries for production of 
parts for aircraft framework. The microstructure comprises of beta (β) allotropes 
(approximately 11 to 16% of beta stabilisers) and neutral alloying elements. There 
are also compositions of alpha (α) allotropes within the microstructure in small 
quantities ensuring the microstructure of the alloy is greatly strengthened. Hence 
the properties of this alloy are; high strength, durability, workability, toughness and 
high hardening [94, 95].  
• Alloys that take the form of Binary and Ternary crystal structural matrices; they are 
referred to as; Titanium Aluminides. In this case, they form Binary systems with 
the comprising elements. The development of alloys possessing strong 
intermetallic bonds for high strength, ductility, toughness has greatly improved over 
the years. The structural matrix of these alloys comprises of beta (β) phase 
allotrope stabilisers (about 11~26 wt% to 19~46 wt%). The intermetallic 
composition of these alloys forms Binary systems such as; TiAl, TiCu, Ti3Al [96, 
97]. The existence of the Beta (β) stabilisers throughout the structural matrix of the 
alloys greatly improves the Ductility of the composition. The Binary system 
structures in these alloys allow for the adaptation of enhanced properties such as; 
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improved Corrosion resistance, Oxidation resistance. They are also able perform 
efficiently at very high temperatures. The delimitation of these alloys is; Quick to 
fracture. Hence this greatly impacts their commercial and industrial use [96, 97]. 
The state of equilibrium of the base alloying element (Titanium Alloy) at specified 
temperatures are shown in the phase diagrams in Figure 2.19 and 2.20. The development 
of these equilibrium diagrams was performed in working environments (operational 
conditions) where the base alloy was employed. This is done to regard the level of 
stresses and impacts the conditions have on the alloying elements [98].  
 
 
Figure 2.19 Phase Diagram of Titanium Alloys (Alpha and Beta Phases) [98] 
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Figure 2.20 Phase Diagram of Titanium Alloys with Respect to Time [98] 
 
The phase diagrams shown in Figure 2.19 and 2.20 illustrate the reaction of the 
microstructure of the base alloy (Titanium alloy; Ti-6Al-4V) at several conditions of 
operation. The heat treatment (Beta heat treatment) of the base alloy (Ti-6Al-4V) is shown 
in Figure 2.21, the treatment is done at 1025 oC for 20 minutes. Figure 2.21 (c) shows the 
structure (Martensitic) of the base alloy possessing beta (β) allotrope boundaries. The 
alpha (α) allotrope of the base alloy is shown in Figure 2.21 (d), with the allotropes formed 
on the existing beta (β) stabilisers [99, 100]. 
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Figure 2.21 Heat Treatment of Ti-6Al-4V [100] 
 
The alpha and beta (α + β) heat treatment of the base alloy (Titanium alloy; Ti-6Al-4V) is 
shown in Figure 2.22, this operation was performed at a temperature of 965oC for a 
duration of 1 hour [101]. 
 
Figure 2.22 (α + β) Heat Treatment of Ti-6Al-4V [101] 
2.6 Implementation of Titanium Alloys for Implants (Biomaterials) 
In industries, the application of Titanium and its alloys has been greatly accepted as the 
norm in specialised operations and for production of reliable components and parts. The 
utilisation of alloys such as Titanium Grade 5 alloy (Ti-6Al-4V) for the manufacture of 
Biomaterials is one of such great impacts in industries. The alloy is used for biomaterial 
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productions because of its compatibility with the Human Biology. The Titanium alloys that 
possess this compatibility trait are widely applied, however, not all of the alloys are used 
because of their compositions and the alloying elements present in these alloys, elements 
such as; Aluminium, Vanadium. The existence of these alloying elements in the 
composition limits the application of Titanium alloys. The alloy is applied for Biomaterial 
implants in the following areas of the body; Heart replacements, Knee Joints replacement, 
Bone joint replacements, Hip joint replacements, fixing fractured bones [102]. The 
research and development of Titanium alloys as biomaterial implants has greatly 
improved, reducing porosity of the implant materials and has positively impacted the 
vitality of Cell Growth, Durability, Adhesion. The undesirable traits of the Titanium alloys 
such as; very poor resistance to wear, suggests the application of the alloys will be greatly 
restricted to areas that require bearing as the means of functionality such as; Joints shown 
in Figure 2.23 and 2.24, Elbows, Knees, Dental implants Shown in Figure 2.25 [102, 103]. 
The wear resistance of the titanium alloys can be greatly improved by addition of the right 
alloying elements, but such elements prove to be poisonous to the Human Biology. In the 
application of the Titanium alloys for biomaterial replacements, looking into the ideal 
microstructural composition, the beta (β) allotrope stabilisers are essential for the 
compatibility of the biomaterials. Hence in Biomedical applications, alloy which possess 
beta (β) allotrope stabilisers in their compositions are highly favoured more than alloys 
with alpha (β) stabilisers in their composition [104]. Therefore, there has been a great 
need to research and develop titanium alloys which contain single phase of beta (β) 
stabilisers in their microstructure and are able to sustain their properties during and after 
cool-down. The effects on the Titanium alloys resulting from Thermo-Mechanical 
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operations is shown in Figure 2.26. Also, apart from characteristics, phase stabilisers and 
properties of alloying elements, the Surface Roughness of the titanium alloys affect the 
Biocompatibility [105].  
 
 
Figure 2.23 Hip Joint Replacement [104] 
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Figure 2.25 Dental Implants Application of Titanium [106] 
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Figure 2.26 Effects of Thermo-Mechanical operations on Titanium Alloys [107] 
2.7 Quasicrystals  
Crystalline is used to describe the atomic structure of elements and compounds in which 
the atoms of the elements and compounds display rotating symmetrical structures, these 
symmetries are then organised in periodical patterns. Elements and compounds that 
exhibit these traits are namely; Copper (Cu), Sodium Chloride (NaCl). The elements in 
materials that do not exhibit these symmetrical traits, and do not possess any reoccurring 
patterns (Not periodical) are described as Glassy structured (Amorphous Structure) [108]. 
Hence, they are referred to as the reverse of crystals. The Quasicrystalline structure is 
described as the combinations of both traits from the Crystalline and Amorphous 
63 | P a g e  
 
structures; they exhibit the rotating symmetrical structures of the Crystalline and the non-
reoccurring pattern traits of the Amorphous structure. Therefore, this makes them in 
between both structural traits [109]. 
2.7.1 Quasicrystalline  
The discovery of the Quasicrystalline structure was in ancient art and architectural 
structures dating back to the Thirteenth – Fifteenth Century (13th-15th). The patterns were 
first observed in the form of crisscrossing lines that formed networks and from then on, 
the development of highly complex symmetries and reoccurring patterns from the basic 
knowledge obtained has come to be. These developments imitated the complete 
advancements of the Quasicrystalline structures [108, 110]. The application of this 
knowledge is shown in the development of the Semi-Periodic symmetry which was 
discovered by Dr. Penrose by the implementation of the theory to develop tiles for 
covering planes. This is shown in Figure 2.27. The enhanced Hybrid coating of; Al-Cu-Ti 
is a composition of different elements with different traits, hence the LMD operation of 
depositing these materials on the base alloy (Ti-6Al-4V) produces composites that are 
categorised as Multi-element metallurgical structures, with the microstructural traits of the 
composite exhibiting Quasi-crystalline characteristics [111]. 
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Figure 2.27 Quasicrystalline Structure [111] 
2.7.2 Similarities between Icosahedral Phases 
Similar to other composites of similar combinations, Al-Cu-Ti possesses Icosahedral 
phase characteristics regarded as the I-Phase, these phases were in part discovered by 
scientists in the 1900’s. In the year 1939, scientists named; Bradley and Goldschmidt had 
discovered the existence of the highest point of diffraction of Icosahedral composites 
within the exhibited phases in the microstructure of the composites, however, it was 
undeterminable at that point in time, and was regarded as a complex structure [112]. 
However, even if it was not identified, it was a very important discovery as this led to the 
research conducted on the subject of an Icosahedral phase (Face Centred Icosahedral; 
FCI) showing traits correlated to the Quasicrystalline structures. Hence from research and 
studies conducted on the subject, it was found that the composition; Al-Cu-Ti, similar to 
some other Icosahedral such as; Al-Cu-Fe, were very efficient for surface engineering 
and producing composites [113]. This, resulting from the stability of the phase structure 
of the composites during heat treatments and applications. The development of these 
phase structure was discovered to have formed at high temperatures (Approximately; 440 
– 460 oC). Apart from the discovery of the Icosahedral Phase (I-Phase), there have been 
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several discoveries made of other phases of the Quasicrystalline structure namely; 
Octagonal, Decagonal, Dodecagonal. These phases are shown in Figure 2.28 [108]. 
 
Figure 2.28 Quasicrystal Structures and their Phase combinations [108] 
 
The Icosahedral structure of Al-Cu-Ti is a hybrid, a composition of materials with traits 
specific for enhancements. From the Figure 2.28, we see that the combination though not 
common is possible. This structure is quite irregular because it comprises of the 
Quasicrystalline structure. These traits also increase the variations in the physical and 
mechanical properties of the enhanced alloys [108, 114]. The Icosahedral composition; 
Al-Cu-Ti consists of a stable metallurgical phase structure, the theoretical mechanical 
properties of the composition are; Hardness Value (HV) = 7 to 11 Gpa, Young Modulus = 
210 Gpa, Friction approximately; 0.03 to 0.25. The Quasicrystalline phase materials 
exhibit certain traits when utilised in large quantities; they become very brittle and fracture, 
hence, this impacts their use. In application of the Quasicrystalline materials in 
environments with temperatures ranging from standard room temperature to 805 oC, they 
possess very decreased Thermal Conductivity. This property increases with the increase 
in temperature above 805 oC. Figure 2.29 shows the Icosahedral [115, 116].            
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Figure 2.29 Icosahedral Quasicrystal Structure [116] 
 
2.7.3 The Binary (Al-Cu) and Ternary Systems 
The combination of Aluminium and Copper to form composites is a well applied practice 
in manufacturing industries. They possess a combination of good characteristics, but a 
problem arises resulting from the rate of reflectivity and diffusion (Thermal), they usually 
become hard to process for their applications. They are dissimilar materials but are 
required to form a strong Metallurgical bond [117]. The implementation of Aluminium and 
Copper with other metals to form composites usually creates two visible phases in the 
microstructure of the composites namely; the Light and Dark Phase of the microstructure, 
these phases are created as a result of the metallurgical bonding of the dissimilar 
materials from the formation of the solid solutions of the composite elements. The light 
phase of the microstructure acts as the base and the dark phase appears in different 
shapes and sizes, randomly dispersed within the structure of the light phase [49, 118]. 
The dark phase appears in the form of grains in the microstructure of the composites and 
are categorised as; Equiaxed, Columnar and Dendrites. These categories are shown in 
Figure 2.30. 
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Figure 2.30 Quasicrystal Structure of Al-Cu [118] 
Figure 2.31 shows the Aluminium Copper (Al-Cu) phase diagram, illustrating the reactions 
and phase formation between the elements. One of the most prominent interaction 
phases is called the Tetragonal phase (θ; CuAl2) as this leads to the age hardening of the 
composite alloys. The Binary system of Aluminium and Copper (CuAl; η) initiates the 
formation of 2 crystalline structural characteristics which vary with the temperature, 
namely; the Monoclinic crystal formation (Low Temperature) and the Orthorhombic (ζ) 
crystal formation (High Temperature) [119]. The Orthorhombic crystal formation consists 
of two sub phases which are comprised of Copper particles (approximately; 55 to 60% of 
Copper). For temperatures below 590 oC, the sub phases of the (ζ) crystal formation are 
stable. Within the Aluminium-Copper system, there exists a structural phase that is 
propagated at when the binary system produces a composition of; Cu3Al2, described as 
the ε phase. This phase of the binary system is stable at temperatures above 560 oC 
[120]. 
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Figure 2.31 Aluminium-Copper Phase Diagram [117] 
In the commercial manufacture of Aluminium alloys, there are always impurities within the 
structural matrix, Iron exists in minor quantities within the Aluminium alloys as structural 
impurities. These impurities remain after the casting (Smelting, Refining) operations have 
been performed on the alloys. Figure 2.32 shows the phases of the Iron-Aluminium (Fe-
Al) Binary system; the figure shows that there exist within the matrix of the Aluminium 
alloy a minor composition of iron. This occurs after the cooldown of the alloy during 
structural solidification. The iron particles within the matrix maintain a stable single phase 
(Liquid) [117]. The phase changes with the introduction of a solid solution (Eutectic) 
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comprising of binary intermetallic elements (Monoclinic Crystal Structure); Al3Fe. The 
formation of the equilibrium monoclinic crystal structure (Al3Fe) is influenced by the 
solidification process. The rate of Solidification of the structural matrix influences an 
Orthorhombic crystal structure (Consists of Al6Fe particles) to form instead of the 
Monoclinic crystal structure. The Iron particles present in the Binary matrix (AlFe) are only 
soluble to a certain extent (approximately between 0.03 ~ 0.06%) [117]. The introduction 
of iron particles into a solid solution alters the structural characteristics. The Face Centred 
(FCC) structural matrix of Iron in a solid solution is limited. The solid solution comprising 
of the Body Centred (BCC) structural matrix of Iron tends to either be in ordered structural 
matrix or disordered structural matrix. From the information in the phase diagram (Figure 
2.32), within the structural matrix; with the exception of the ε stage, the homogeneity of 
the structural matrix is affected by the presence of the following phases; Monoclinic Phase 
(Fe4Al3), Orthorhombic Phase (Fe2Al5) and the Triclinic Phase (FeAl2) [117].  
 
Figure 2.32 Iron-Aluminium Phase Diagram [117] 
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The impacts and properties on the Binary alloy; Al-Cu imposed by the presence of 
impurities (Iron Particles) is shown in the phase diagram of the Al-Cu-Fe ternary system. 
The Figure 2.33 makes it easy to understand the effect of the Iron impurities in the 
structural matrix. From the phase diagram, the Ternary system (Al-Cu-Fe Icosahedral 
Structure) stretches over three regions [117, 119]; 
• The Al-Cu-Fe Icosahedral structure (Stable composition of the Structural Matrix) 
existing at low temperature (for Annealing). 
• The region (Phase R) comprising of a changed structural matrix (Rhombohedral) 
to a matrix (i Phase) in the region of approximately 709 oC. This is found in the 
bottom sections. 
• The region that exist close to the R Phase region described as; Pentagonal 
Variant. 
The existence of these regions shows the Iron particles in the structural matrix can form 
Ternary composites such as; Al17FeCu2, Al16FeCu. These regions can also exist with 
Aluminium alloys exhibiting Binary structural matrices; Al3Cu, Al2Cu [117, 119].  
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Figure 2.33 Al-Cu-Fe Icosahedral Phase Diagram [49] 
 
2.8 Corrosion of Aluminium and Its Alloys  
The corrosion of the Aluminium element in a composite depends on the characteristics of 
the alloying elements in that composite, hence the elements in the composition influence 
each other and the rate of corrosion. The process of adding alloying elements into the 
composition creates a Heterogeneous solid solution with enhanced properties [121]. 
2.8.1 Effect of copper  
Copper as an alloying element in a solid solution composition does not improve the 
corrosion resistance of the composites, it actually reduces it. This occurs because the 
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copper particle forms a reaction in the Cathode of the solution. This results in the addition 
of the copper element in minute quantities as this lessens the impact of the element in 
the solution. Research and studies show that the addition of this alloying element 
increases the resistance susceptibility of the solid solution. Typically, the rate of oxidation 
of copper alloys is very high, and this is an unwanted trait in corrosion resistance 
experiments [122]. 
2.8.2 Effects of Iron 
In the commercial production and processing of Aluminium alloys, there are impurities 
that form in the structural matrix of the Aluminium alloys, these impurities take the form 
of Iron. The impurities of Iron are removed from the Aluminium Matrix, if the application 
of the alloy requires pure Aluminium, the removal of the Iron impurities from Aluminium is 
a very expensive process. The presence of the Iron impurities impedes the corrosion 
resistance of the Aluminium alloy; its oxidising ability causes it easily form particles on the 
Aluminium alloy. Particles such as; Al3Fe. In the structural matrix of other alloys, the 
presence of Iron forms and combines with the other alloying elements to form composites 
such as; Al-Cu-Fe [117].  
2.8.3 Effect of Titanium  
Titanium and its alloys are high strength materials that easily oxidize and are ready to 
react with other materials. The introduction of this alloying element into a composition or 
using this material as the base alloy heavily solidifies the structural integrity of the 
composites, the addition of Aluminium and Copper into the composition allows for 
introduction of more desirable characteristics, thereby initiating the formation very strong 
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intermetallic metallurgical bonds within the composite matrix, hence this increases the 
corrosion resistance of the composites [123].  
2.9 Laser Metal Deposition of coatings 
Shukla et al. [6] studied the emerging physical and mechanical properties of the clad 
deposited onto the base alloy (Titanium; Ti-6Al-4V) resulting from the impacts and effects 
of selected process parameters (Powder Flow Rate and Laser Power). From the 
conclusions drawn by the authors; it was observed that the structural integrity of the 
composite was intact and that there were no pores present on the clad, the selected 
process parameters also impacted the final results; with increase in Flow Rate and Laser 
Power increases the geometrical properties of the composites (Height, Depth and Width).  
Mahamood et al. [24] studied the Microstructural and Mechanical properties of improved 
titanium alloy; Ti-6Al-4V for the Aerospace Industry by the use of Laser Metal Deposition 
technique. In the study, the influence of the selected process parameter; Scanning Speed 
on the physical and mechanical properties of the engineered composites were 
investigated using experimental characterisation. The other process parameters were 
kept constant. The powder was deposited on the Titanium substrate from coaxially. From 
the analysis of the results, the micro hardness value of the composites increased with the 
increase in Scanning Speed. The composites possessed higher hardness values, when 
compared to the substrate. This shows that Laser Metal Deposition technique can be 
used to engineer highly enhanced component parts for industry applications. Their results 
show that the scanning speed of the LMD Operation plays a significant role in the 
improvements of properties within the Substrate to engineer enhanced composites. 
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hence, to understand the influence of the scanning speed on the alloy is to understand is 
to control the design process of the operation. 
Fatoba et al. [26] studied the evolution of the physical and mechanical properties of 
engineered composites: Ti-6Al-4V/Ti-Al-Cu, through the implementation of experimental 
characterization techniques. The Microstructural evolution as well as Microhardness 
properties of the composites were observed. The impacts of the cooling process observed 
after the Laser Metal Deposition operation occurred was also studied; this provided an 
insight to the efficiency of the operation with the quality of coatings produced. From the 
Microstructural and Microhardness evolution, the following observations and conclusions 
were made; the observed microstructure of the composites showed increase in the 
element composition of the alloying materials from 5 to 7% for Copper and from 10 to 
15% for Aluminium. The Microhardness analysis showed that with an increase in laser 
power of the operation to 1000 W, the hardness value increased. The hardness of the 
composites was impacted upon by the presence of strong intermetallic bonds (Al3Ti). 
Choi et al. [28] investigated the impact of deposition methods on the mechanical 
properties (Fatigue Behaviour) and microstructural evolution of Ti-6Al-4V powder 
deposited on Ti-6Al-4V base alloy. To investigate the viability of Laser Metal Deposition 
(LMD) as a repair method for fixing Ti-6Al-4V aerospace components, the fatigue testing 
was conducted to understand the deformation behaviour of the engineered alloys under 
working conditions. The deposition strategies were divided into two; the Raster pattern 
with nonstop deposit (LMD-1) and the Raster pattern deposit with inter track pausing 
(LMD-2). From the analysis of the results, it showed that the fatigue lives of the LMD-1 
engineered alloys exceeded that of the LMD-2 alloys, resulting from discontinuities in the 
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deposit bed and lack of fusion between the coating materials and the base alloy. Cracks 
and defects were propagated throughout the alloys resulting from contamination of the 
deposit bed by trapped gas (oxygen) pores. The microstructural analysis of the alloys 
showed the presence of lamellar alpha (α) and Beta (β) grains in the LMD-1 alloys. The 
LMD-2 alloys comprised of martensitic alpha (α’) grains. The residual tensile stress in the 
LMD-1 alloys were 150 MPa which was half of the residual stress present in the LMD-2 
alloys.  
Qin et al. [34] investigated the continuity and homogenization of the microstructural 
evolution of Titanium alloy; Ti-6Al-4V manufactured by Additive Manufacturing 
techniques; Laser Deposition Manufacturing (LDM) and Selective Laser Melting (SLM). 
Additive manufacturing enables the development and engineering of intricately complex 
components and parts through careful selection of the process parameters that influence 
the properties of the component parts. The LDM and SLM techniques represent recently 
developed and frequently used manufacturing operations. The Ti-6Al-4V alloys were 
engineered using the hybrid manufacturing process; LDM-SLM. From the analysis of the 
alloys properties, the results show that the microstructure of alloys are divided into 3 
regions; SLM region, LDM region and the region between the LDM and SLM. The SLM 
region comprises of martensitic alpha (α’) allotropes, the LDM region comprises of alpha 
(α) allotropes and the LDM-SLM region, which is the bonding region, regarded as the 
HAZ comprises of irregular crystals in large quantities. The mechanical properties of the 
alloys are greatly impacted by the discrepancies within the microstructure of the alloys; a 
homogeneous microstructure produces consistent mechanical properties; an 
inhomogeneous microstructure causes discrepancies in the mechanical properties of the 
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alloys. The microstructure of the alloys changed after the alloys were heat treated at 
750 ̊C for a duration of 10 minutes and at 960 ̊C for a duration of 10 minutes. During this 
period of heating, the martensitic alpha (α’) phase transforms to a mix of both alpha (α) 
and beta (β) phases. During the heat treatment process, the mechanical properties within 
the LDM and SLM interface region remained constant, discrepancies in the mechanical 
properties were found after heat treatment. Results from the Vickers hardness test 
detected an increase in the hardness value (HV) of the alloys; 463 HV in the HAZ region 
and 505 HV in the SLM region. 
Singh et al. [44] investigated Titanium alloys and the alloy characteristics for Aerospace 
(Aircraft) industrial applications. The working environment of strong and durable alloys 
such as; Titanium are within highly complex aircraft designs for efficient aeronautical 
performance, high thermal loads and mechanical stresses which produce dynamic cyclic 
stresses within the structural frame of the aircrafts. These stresses are cyclic and dynamic 
in nature varying in magnitude and impact and move round the aircraft structure 
depending on the flight phase. Hence, there is a great need to develop enhanced 
materials for the production of component parts possessing the ability to withstand these 
stresses. Apart from the working environment and stresses in the Aircraft, there are other 
factors that influence the design of the parts such as; scarcity of raw materials, increased 
demand for new and improved aircrafts systems, awareness of environmental pollution, 
increased fuelling costs. These factors influence and drive the production of lighter but 
very durable and functional materials such as titanium. Titanium and its alloys exhibit a 
wide range of efficient attributes with respect to their physical, mechanical, metallurgical 
properties which enable their compatibility for service. 
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Lu et al. [48] studied the mechanical properties and microstructural evolution of 
intermetallic alloy; Al3Ti. The intermetallic alloys were engineered to possess different 
volume fractions of residual Aluminium using reactive foil sintering in a vacuum; the 
operation was performed using Ti-6Al-4V and commercially pure Aluminium foils. The 
properties of the alloys were examined; the microstructural evolution using SEM 
supported with EDS, crystallographic properties, elemental analysis, elemental phase 
identification, using XRD. The strength of the alloys was examined using Vickers 
microhardness testing. The analysis of the results shows a migration of ductile aluminium 
grains into the Al3Ti structural matrix. The stress-strain curve of the alloys showed a 
typical deformation behaviour, it also showed the relevance of the post heat treatment in 
solidification and formation of the right mechanical properties. All these result from the 
formation of Al3Ti and alpha (α) Al2O3 grain coarsening. There were improvements in the 
plastic deformation of Al3Ti alloy + 6.4% Aluminium due to the even distribution of Al grain 
particles within the structural matrix of the alloy. The mechanical properties of the Al3Ti 
alloy + 6.4% Aluminium were improved as well after the post heat treatment of the alloys. 
The grain toughening of the Al3Ti alloy occurred at a temperature of 850 ̊C. 
Zhu et al. [49] studied the formation and phasing of Quasi-crystalline structural systems. 
The investigation was carried out on Al-Cu-Fe Quasicrystals. Research into the phase 
diagrams of Quasicrystals such as; Al-Cu-Fe are very important as they provide 
understanding into the Quasicrystal alloy forming systems. This is especially significant 
as it helps in the synthesis of Quasicrystals with specific properties. For this research 
investigation, the Isothermal properties of the quasicrystal; Al-Cu-Fe were considered at 
temperatures; 700 ̊C, 800 ̊C and 1000 ̊C. The isothermal cross sections were constructed 
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with these temperatures to investigate the composition range of the alloys. The 
experimental analysis of the alloys was carried out using SEM, Electron Probe 
Microanalysis (EPMA), X-Ray Diffraction. From the experimental analysis and 
measurements; 11, 8, 6 phase equilibriums were found to exist at 700 ̊C, 800 ̊C and 
1000 C̊ respectively. At both 700 ̊C and 800 ̊C, the formation of the Icosahedral 
Quasicrystalline phase; Al6Cu2Fe was confirmed. At 700 ̊C, the formation of the ternary 
Quasicrystalline phase Al7Cu2Fe was confirmed. From the measurements, a wide range 
of continuous solution formed at temperatures; 800 ̊C and 1000 ̊C, from the α-Fe, Binary 
phases; β-AlFe and Cu3Al. The research work focused on the study of phase equilibrium 
data collected from investigating the Al-Cu-Fe system. 
Song et al. [116] investigated the temperature sensitivity response of Ti-6Al-4V alloy 
improved via selective laser melting. The microstructural, metallurgical properties of the 
composites were investigated for deformations, residual stress, improvements. The 
temperature of the operation was ranged from room temperature to 550 ̊C. The properties 
of the composites were characterized by Tensile Testing, OPM, SEM and TEM 
(Transmission Electron Microscope). From the tensile testing, the Ultimate Tensile 
Strength (UTS) of the base alloy; Ti-6Al-4V showed that the alloy was sensitive to 
temperature variations at two stages. From the study of the temperature variations, a 
temperature sensitivity below 500 ̊C is expected, but the UTS value drops drastically from 
834 MPa to 562 MPa when the temperature is increased above 550 ̊C. The alloy 
possesses competitive strength with temperatures below 500 ̊C and good mechanical 
properties at the room temperature. From the microstructural analysis of the alloy, the 
formation of a martensitic α; Alpha Phase structural matrix occurs during the operation, 
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at temperatures below 500 ̊C, due to the deformation of the alloy, the twinning structures 
within the alloy transform and change to be more lamellar, the microstructure further 
exhibits the propagation of β; Beta Phase and Titanium Aluminide ( α2; Ti3Al), resulting 
from the disruptions within the microstructure by elemental redistribution and Martensitic 
breakdown. The relationship between the temperature sensitivity and the mechanical 
properties of the alloy displayed correlations between the alloy strength and temperature 
during operation. 
Dasgupta et al. [124] investigated the structural enhancements and changes in the 
structure of the composites formed when Titanium Films were deposited onto the base 
material (Copper Substrate). In the investigation, the deposition of the Titanium particles 
was performed on the following base materials; Glass, Silicon and Copper. The 
preparation of the base materials was performed at temperature of 199.85 oC (473 K) for 
a duration of 180 minutes (3 Hours). This was conducted to aid the deposition process. 
After the operation, analysing the data obtained showed that there was no existing 
porosity within the thick coating of the Titanium film and on the composites produced by 
the deposition process. 
Erinosho et al. [125] studied the changes and improvements in the physical and 
mechanical properties (Microstructure and Microhardness) of composites produced from 
deposition of Copper onto the base alloy; Ti-6Al-4V, resulting from the selected process 
parameter (Laser Power). The process parameter (Laser Power) was varied between a 
value of; 0.6 KW and a value of 1.8 KW. Only the Laser power was varied during the 
operation. From analysing the data obtained, the following conclusions were drawn; the 
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thickness of the clad with respect to height and depth decreased with the increasing Laser 
Power, the microhardness improved within the structural matrix. 
Akinlabi et al. [126] investigated the microstructural evolution and properties of 
composites engineered by the Laser Metal Deposition of enhanced powder materials onto 
base alloy; Ti-6Al-4V. the observations obtained from the analysis of the microstructure 
provide insight into the efficiency of the selected process parameters and the impact of 
the cooling process on the microstructure of the composites. The observations obtained 
from the analysis are as follows; after the cooling down process, during the solidification 
of the microstructural matrix, the combination of the alpha (α) and beta (β) phase occurs, 
from which the beta particles form black dots on the surface of the alpha particles (white 
dots). From observations of the composites, the alpha phase particles provide 
reinforcements (enhanced mechanical properties) to the composites, increasing the 
toughness and hardness of the composites. The beta phase particles of the matrix 
provide improved corrosion resistant properties. 
Fatoba et al. [127] investigated the evolution of the physical and mechanical properties 
of engineered composites: Ti-6Al-4V/Ti-Al. This investigation was performed by 
employing experimental tools and processes to characterize the obtained data. From the 
analysis performed on the composites through the X-Ray Diffraction technique, the 
following results were observed; from the composites engineered with a Laser Power of 
1000 W and a Scanning Speed of 1 m/min, the XRD showed the existence of strong 
intermetallic bonds; increased propagation of CuTi and Al3Ti binary matrices. 
Liu et al. [128] studied the impacts of Annealing on the physical, mechanical and 
metallurgical properties of TiAl alloy (γ Phase) fabricated using the Laser Metal 
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Deposition technique. From the investigation, the microstructural evolution, mechanical 
properties of the alloy specimen were investigated at different temperatures. The results 
showed that the microstructure of the annealed alloy comprised of α2 + γ coarse lamellar 
grain structural colonies (Ti3Al). During the LMD operation, increasing the temperature of 
the process propagates the change in the microstructure of the alloy; this leads to the 
formation of single γ phase + α2 lamellar grain colonies. The gradual increase in the 
temperature to ranges: 1200 ̊C - 1320 ̊C changes the microstructure in the order; from 
single track γ phase to γ phase + α2 acicular to γ phase + α2 Lamellar phase. After 
annealing, the tensile strength of the alloy becomes 543.4 MPa (room temperature) with 
an elongation of 3.7%. The tensile strength of the base alloy; TiAl is improved significantly 
from 469 MPa and elongation of 1.1%.  
Assari et al. [129] investigated the features, characteristics and structural bond within the 
layer by layer interface of Ti and Al materials formed by solid state diffusion. The 
composites (Layer by Layer deposited Al and Ti materials) were engineered using the hot 
rolling and hot press bonding technique. The bonding characteristics and metallurgical 
properties with respect to Time and Annealing temperature were investigated using 
experimental characterisation; SEM, XRD, Microhardness. From the results of the 
analysis, the dominant intermetallic compound formed was TiAl3. The microstructural 
characteristics of this Binary alloy were detected using the SEM, supported with ESS 
(Energy Spectrometer System). Observations from the interface structure and 
geometrical analysis show a relationship between the structural thickness and annealing 
temperature; as annealing temperature and time increases, the thickness between the 
layer boundaries of TiAl3 increased. Within the structural matrix of the composites, there 
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were discrepancies between the fusion of Al and Ti elemental materials which is evident 
by the voids within the layer of materials. The EDS and XRD results show the only 
intermetallic phase detected was TiAl3 with the predominant diffusion element Al. The 
mechanical properties of the composites were found to possess competitive strength; 
tensile strength of 300 MPa and Vickers microhardness of 318 MPa.   
Wu et al. [130] studied the metallurgical and mechanical changes within the structural 
matrix of Selective Laser Melted Titanium alloy after heat treating the alloy. the 
microstructure and microhardness within the fusion bed of the Ti-6Al-4V alloys were 
investigated after the operation and the heat treatment was initiated. Heat treatment 
occurred at temperatures ranging from 300 ̊C to 1000 ̊C. From the experimental analysis 
using Optical Microscope (OPM), Scanning Electron Microscope (SEM) and 
Transmission Electron Microscope (TEM), the microstructure comprises of beta (β) grains 
structured in long columnar shapes combined with martensitic acicular grains. The 
Vickers hardness test showed a variation of hardness values between regions. At 
different temperatures, the microstructure of the alloys changes and this changes the 
hardness value; the hardness values of the alloys peaked at 1000 C̊ resulting from the 
martensitic effects of the alloys, the lowest hardness value was recorded at 500 ̊C 
resulting from early structural refinement. 
Sobiyi et al. [131] studied the changes in the microstructural matrix of Ti coatings 
deposited on Titanium alloy; Ti-6Al-4V by means of Laser Cladding. Researching and 
understanding the influences and impacts of process parameters on the physical and 
mechanical properties of manufactured products using Additive manufacturing 
techniques is very vital in controlling the quality of the final products fabricated. For this 
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project, the influence and impacts of the Laser Power and Scanning Speed were 
investigated. From the experimental analysis of the alloys, the geometrical properties of 
the deposited materials such as; deposit width, height, dilution and porosity reduce with 
the increase in the scanning speed of the operation. The microstructure of the deposited 
zone consists of Widmanstatten structures, observations from the HAZ interface zone 
showed that the microstructure consists of martensitic beta (β) phase grains acicular in 
structure. The formation of these microstructures resulted from the difference in 
temperature and material interaction throughout the Ti-6Al-4V alloy. The alloy was greatly 
enriched with Ti particles forming intermetallic compounds with Aluminium (Al) and 
Vanadium (V) through interaction and diffusion of the elements during the cladding 
operation. The microhardness of the enhanced alloys was greater than the base alloy; 
increasing the scanning speed increases hardness value (HV).  
Bolzoni et al. [132] investigated the development and application of Titanium alloys with 
Copper infused metallurgical properties for Biomedical applications. In the Biomedical 
industry, the titanium alloys with infused copper materials could be used for structural 
reinforcements of failed body parts, due to the fact that releasing copper ions into the 
human biosystem is useful in significantly lowering infections related to surgical 
implantations. The manufacturing of these alloys with Additive manufacturing and powder 
deposition techniques significantly lowers production costs and improves the quality of 
the alloys because material deposition manufacturing techniques enable the direct 
addition of favourable mechanical, metallurgical, physical properties to a selected alloy, 
improving the application performance. For this investigation, three copper infused alloys 
(ternary system) were engineered; Ti-2Al-Cu, Ti-6Al-4Cu, Ti-10Al-5Cu using powder 
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metallurgy. From metallurgical studies carried out on composites, the physical, 
mechanical properties become more diverse and numerous by increasing the number of 
alloying elements present within the composites. The alloys were engineered for 
experimental analysis, by subjecting the alloys to different stresses and distortions, 
conclusions based on the interaction between alloying elements to improve the base 
alloy/composite can be recorded. Analysing the results, the engineered alloys possessed 
improved structural strength, toughness and plastic deformation properties, due to the 
layer by layer refinement of the deposited materials on the base alloy, this aided the 
reduction of permeability within the microstructural matrix of the alloys. From the alloys, 
the most ductile was; Ti-2Al-Cu, the strongest was; Ti-6Al-4Cu. Ti-10Al-5Cu possessed 
good elastic deformation behaviour. From the microstructural analysis of the alloys, the 
alloying elements play a crucial role in determining the phase distribution and mechanical 
properties within the alloys.  
Ettefagh et al. [133] studied the effects of post annealing on the corrosion resistance 
properties of Ti-6Al-4V alloy engineered using additive manufacturing (AM). The study 
was conducted on alloys engineered using the AM technique; Laser-based Powder Bed 
Fusion. The alloys were experimentally characterised to study the effects post annealing 
had on the corrosion properties of the alloys by comparison between the heat-treated 
Titanium alloys and the Titanium alloys cold rolled after manufacturing. From corrosion 
characterisation testing, the corrosion rate of the alloys post annealing was approximately 
sixteen times worse off than alloys cold rolled after production. The drastic increase in the 
corrosion rate was due to the propagation of non-equilibrium phases within the 
microstructure of the alloys. This outcome can however be improved by further heat 
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treating the alloys at a temperature of 800 ̊C for a duration of 2 hours. This suggested 
heat treatment process improves the corrosion resistance properties of the alloys, this is 
accomplished by the formation of martensitic BCC beta (β) phase grains (possessing 
greater corrosion resistance) within the Ti-6Al-4V alloy.   
Kanyane et al. [134] investigated the changes within the microstructural and corrosion 
properties of Titanium-Nickel (Ti-Ni) materials Laser Cladded on Titanium alloy; Ti-6Al-
4V. The use of Titanium and its alloys are extensive across numerous industries; 
Aerospace, Automotive, Biomedical, marine. Due to the characteristics of the alloys, it is 
very versatile and adaptable to numerous working environments. Titanium and its alloys 
possess high strength useful for dynamic and continuous loading applications in 
engineering fabrications for working component parts in mechanical systems. However, 
Titanium and its alloys possess poor wear and friction resistance. The alloys were 
engineered by deposition of Ti-Ni coating materials on the base alloy; Ti-6Al-4V by using 
a coaxial nozzle during the Laser Cladding operation. The impact of this operation on the 
metallurgical, microstructural evolution, electrochemical and mechanical properties were 
studied and experimentally characterised using XRD to study the phase formation and 
distribution of intermetallic compounds, OPM and SEM supported by EDS to study the 
microstructural evolution. Corrosion resistance tests were carried out on the alloys using 
the Potentiodynamic Polarization technique. Analysis of the microstructure showed a 
homogeneous distribution of the alloying elements, discontinuities, cracks and defects 
were not observed within the microstructure. EDS and XRD analysis enabled the 
identification of the phases within the microstructure; Ni, Ti, Al were present within the 
microstructure forming Binary and Ternary alloying compounds. With an increase in the 
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Scanning Speed of the operation, the microhardness of the alloys increase; with a 
scanning speed 1.2 m/min, the hardness value was 856 HV and at scanning speed 0.6 
m/min, the hardness value was 823 HV. The corrosion resistance properties of the 
engineered alloys improved drastically when compared to the base alloy. 
2.10 Summary 
The Laser Metal Deposition process as an Additive Manufacturing technique is an 
operation in high demand in industries, as it produces specific and functional components 
and parts for applications in the following industries; Biomedical, Automotive, Aerospace, 
Chemical, Sports and Defence. Hence operation highly researched and used as a 
substitute for other manufacturing processes. It is low cost and efficient when compared 
to other operations. Over the years, extensive research and development have been 
achieved on depositing coating materials made of dissimilar elemental particles onto base 
alloys (substrate) to engineered property enhanced composites. However, there has not 
been extensive research on the deposition of Al-Cu-Ti powder coating on the base alloy 
(Titanium alloy; Ti-6Al-4V). Based on the reviewed research work, there has been several 
attempts at improving the properties of the base alloy; Ti-6Al-4V with powders of other 
composition focussing on selecting alloying elements with the right microstructural matrix 
to enhance the properties of the base alloy. However, this research works has yet to 
specifically investigate the powder Al-Cu-Ti on the base alloy; Ti-6Al-4V. This addition of 
this coating elements onto the base alloy will offered the engineered composites very 
desirable properties through examining the structural matrix by characterization. In this 
research work, the alloying elements (Al-Cu-Ti) of the powder were deposited onto the 
base alloy (Ti-6Al-4V) through the Laser Metal Deposition (LMD) process. The effects of 
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the selected process parameters of operation on the emerging physical and mechanical 
properties was studied using experimental characterization techniques. The results 
obtained from the experimental characterization of this deposition operation will greatly 
widen the existing knowledge of the LMD operation. Reviews of relevant literature 
pertaining to this research was discussed in this chapter. The next chapter of this research 
discusses the experimental methodologies employed to characterize the effects of the 
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CHAPTER 3: EXPERIMENTAL METHODOLGY 
 
3.1 Introduction  
In this chapter of the research project, the experimental setup and methods used to 
characterize the impacts, effects of the selected process parameters for initiating the LMD 
operation of depositing Al-Cu-Ti powder onto the base alloy; Ti-6Al-4V was explained in 
detail from the preparation of the new samples (engineered composites) for 
experimentation to the explanation of each experiments carried out in terms of the method 
and approach employed. In this chapter of the investigative report, certain crucial 
processes are discussed in detail namely; the analysis of the sizes of the particles present 
in the Al-Cu-Ti powder used for engineering the enhanced coating on the surface of the 
base alloy, the selected process parameters initiated during the LMD operation which 
was employed to impact (enhancing) the properties of the engineered composites, the 
preparation of the samples (composites) after the LMD operation for characterisation. The 
experimental procedures of this research were employed firstly; through the LMD 
operation to engineer the samples (composites) to be analysed and to characterize the 
impacts, effects of this enhanced coating on the surface of the base alloy by analysing 
the impact of the selected (relevant) parameters which affect the performance of the alloy 
at specific conditions. 
3.2 Research Methodology 
In this research project, the base alloy to be enhanced (in terms of its properties) was the 
Titanium alloy; Ti-6Al-4V. Before the LMD operation, experimental procedures, 
methodologies were employed, the solid base alloy was cut into specific dimensions 
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before the investigation and characterization could proceed. The alloy was cut into a 
dimension of; (72 x 72 x 5) mm, the particles size of the alloy ranged from approximately 
50 to 105 𝜇𝑚, with 99.5 % purity. Prior to the laser treatment (LMD operation) of the 
Titanium alloy, the solid base alloy; Ti-6Al-4V had to undergo certain material preparation 
procedures namely; sandblasting the surface of the base alloy, washing thoroughly the 
surface to be enhanced, thoroughly rinsing the alloy in purified deionized water, finally 
cleaning the surface with acetone, afterwards the clean base alloy is dried up with hot air 
before the base alloy is exposed to the laser beam for the LMD operation to be initiated. 
These material preparation procedures were performed to enhance the absorption 
properties of the base alloy, to enable the enhancement of the base alloy by coalescence 
of the powder and alloy initiated through the laser beam radiation. These material 
preparation procedures also aim to minimize the reflection of radiation from the surface 
of the alloy during the laser processing. These materials; Al (with a purity of 99.9 %), Cu 
(with a purity of 99.9 %), Ti (with a purity of 99.9 %) form the base of the composition of 
the powder used for the enhancement of the base alloy. The ratio of the mixtures was as 
follows; for the engineering of 4 composites with enhanced coated surface, this ratio was 
used; 1:4:7 for Al, Cu, Ti respectively and for the engineering of the final 4 composites, 
this ratio was used; 1:7:5 for Al, Cu, Ti respectively. A total of 8 composites were 
engineered. These compositions were placed inside a shaker mixer and set to a rotational 
speed of 50 rpm for a duration of 12 hours, this was to ensure a homogeneous mixture 
of the powders. The tubular shake mixer employs an inversion, translation, rotation 
motion to ensure maximum efficiency of composition mixture [135]. Observing the 
shape/physical attributes of the particles present in powders of the mixture showed they 
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were spherical in shape and the sizes of the particles in the mixture ranged from 50 - 105 
𝜇𝑚. Argon gas was used as the shielding gas a separate nozzle provided on the machine 
was used to carry the coating powder which was then deposited on the base alloy 
(Titanium alloy; Ti-6Al-4V). 
3.3 Research Experimental Set-Up  
The LMD operation to engineer the samples (composites) with enhanced surface 
properties by the deposition of Al-Cu-Ti powder onto the base alloy (Titanium alloy; Ti-
6Al-4V) was conducted with the use of an LMD machine with a power rating of; 3000 
Watts. This machine is owned by the National Laser Centre in the Council of Scientific 
Research (NLC-CSIR) the samples (composites) generated for characterization was 
engineered at CSIR. The machine was fitted with coaxial nozzles. During the deposition 
operation, these nozzles enabled the delivery of the Al-Cu-Ti powder onto the base alloy 
from the powder feeder. The entire process of the operation was computer aided (CAD), 
this was to ensure the complete coalescence between the base alloy (titanium alloy; Ti-
6Al-4V), by the creation of a pool of the melted powder particles and the base alloy using 
the Laser beam and then finally, more Al-Cu-Ti coating powder particles were distributed 
on the surface of the base alloy; Ti-6Al-4V through deposition via the powder feeder 
nozzle. The distribution and deposition of the Al-Cu-Ti coating powder into the melted 
pool created by the Laser was aided using Argon gas, which also serves as the shielding 
gas. In the nozzle, there are four jets that are active; three of the active jets enable the 
transportation of the coating powder, the last nozzle installed on the machine houses the 
laser equipment. The LMD technique uses several operational parameters to function and 
engineer different parts and components. Therefore, certain operational and process 
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parameters were carefully selected, as these parameters directly impact the uniformity 
and quality of the enhanced surface of the composites engineered namely; the Laser 
Power alternated between 900 W and 1000 W, the Scanning Speed alternated between 
0.8 m/min and 1.0 m/min as shown in Table 3.1. Other parameters were kept constant 
throughout the LMD operation namely; the Gas Flowrate kept at 2.5 L/min; Powder 
Flowrate kept at 2.0 g/min. These process parameters make up the experimental matrix 
for the research as shown in Table 3.1. 
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By the application of these parameters shown in Table 3.1 onto the control panel settings 
of the laser metal deposition machine, the samples were obtained. 
3.3.1 Measurements Performed and Sample Preparation   
Before the commencement of LMD technique on enhancing the structural properties of 
the base alloy; Ti-6Al-4V, it was necessary to perform a chemical balance on the base 
alloy to weigh it. For every processing parameter implemented during the LMD operation, 
a single-track length; 60mm of the coating powder (Al-Cu-Ti) was deposited onto the base 
alloy. After the deposition was completed, the powder particles not fully melted which 
clung to the base alloy and the deposit were removed (using a surface cleaning brush), 
afterwards the surface of the samples (composites) were cleaned thoroughly using 
acetone to remove any leftover contaminations. To determine how much the deposited 
enhanced coating weighed, the new weight of the composite (base alloy plus enhanced 
coating deposited) was subtracted from the original weight of the base alloy before the 
LMD operation. To measure the height of the deposited enhanced coating above the base 
alloy, a Vernier calliper was used. Based on the standard preparation process of Titanium 
alloys, the samples were cut into sections, mounted and grinded to ensure an observable 
surface, polished and etched to ensure the necessary data can be obtained from the 
surface during experimentation. 
3.3.2 Tubular Shaking Procedure (Mixing of Composite Powder Particles)  
To obtain a homogeneous mixture of the powdery substances (particles) which 
possessed varying particle sizes and specific weights, it was necessary to employ the 
use of the appropriate equipment namely; a Tubular Shaker (Particle/Powder mixer). It 
was ensured that the mixture of the powders occurred in a closed clean container, 
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ensuring the process was hygienic and free from dust or contamination. The Tubular 
Shaker (mixer) uses rotation, translation and inversion to ensure maximum efficiency. 
This implies that during the operation, the Tubular Shaker employed a three-dimensional 
motion, this ensured the constant changing and free movement of the powder particles.   
3.4 Microscopy and Mechanical Properties Analysis  
The engineered Samples (composites) are separated and categorized accordingly for the 
various sections of the experimental analysis required to be conducted. They are divided 
into four (4) categories according to the experimental analysis to be conducted sections. 
The first category of the engineered samples (composites) was separated for the 
Microscopy experimental analysis (characterization by study and observation of the 
microstructure) the second category of the samples was separated for the material 
hardness experimental analysis (microhardness characterization by surface indentation) 
the third category of the engineered samples was separated for the experimental 
corrosion resistance analysis and finally, the fourth category of the engineered samples 
(composites) was separated for the XRD analysis.  
3.4.1 Sample (Composite) Preparation procedure for Experimental Analysis  
The general sample (composites) preparations for the following experimental analysis; 
Microscopy of the sample surface, material hardness analysis (microhardness analysis 
by indentation), XRD analysis, corrosion resistance analysis will be further explained in 
detail in the following sections.  
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3.4.2 Cutting of the Engineered Samples (Composites) 
The engineered samples (composites) were categorized into four (4) sections for a 
specific experimental analysis this was done by cutting them into the right dimensions 
relevant for each section of the experimental analysis beforehand. They were cut into the 
relevant dimensions by using a Silicon Carbide cut off disk. This disk is installed in a cut 
off machine (the Mecatome T300 machine was used for cutting the samples). The 
dimensions of the cut samples (composites) are; 10 x 10 mm. The cutting machine used 
was semi-automated, it consisted of a handle which was used to direct the cutting disk 
through the samples (composites) fastened in place at the base of the machine, it 
possessed an automatic feed rate function, this enabled consistent cutting through the 
samples. The process in steps; firstly, inserting the right Struers cutting disk securely onto 
the machine shaft, afterwards set the required parameters on the machine, these are; 
rotational speed and the system cooling.  
 
Figure 3.1 Struers Cut-off Machine 
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3.4.3 Sample Mounting Procedure  
For hot mounting the engineered samples, the best equipment to use was the Struers hot 
mounting press. A resin (Polyfast) was used for creating the mound. The recommended 
process parameter settings for creating the mounds using the hot mounting press were 
suggested from the Struers Catalogue. These process parameter settings used for the 
mounting process are shown in Table 3.2. 
Table 3.2 Mounting Process Parameters 
Mounting Press Process Parameter Settings 
Removal Rate Bakelite with Carbon Filler 
Material High 
Process Time 
Quantity (mm) 20 
Heating Pressure (Bar) 250 
Heating Time (min) 3.5 
Cooling Rate High 
Cooling Time (min) 1.5 
Total Process Time (min) 5 
 
The following were the steps taken to mount the samples; 
• The engineered samples (composites) is placed faced down (the surface to be 
observed is placed face down) inside the cylindrical tube of the machine. 
• The sample is then moved down inside the cylindrical tube resulting in an empty 
space. 
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• Approximately 2 full scoops of the resin (Polyfast) is poured directly into the tube 
(empty space inside). 
• The lid of the cylindrical tube is used to close the tube tightly. This forces the 
Polyfast resin downwards and pressed against the sample. 
• The parameters illustrated in Table 3.2 Are set and the process begins. 
• After the required time elapsed, the sample is removed already mounted. 
• These steps are repeated throughout for all the categorized samples. 
The Struers Hot Mounting press used for creating the mounds is shown in Figure 3.2  
 
Figure 3.2 Struers Hot Mounting Press 
3.4.4 Grinding and Polishing  
The Grinding press (Struers Grinding Press) was used to smoothen and even out the 
cross-sectional (revealing the part of the composite where the enhanced hybrid coatings 
merge with the base alloy) surface of the cut samples (composites) to fine detail, making 
the surface smooth and even. The Struers grinding press is shown in Figure 3.3. As 
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presented in Table 3.3, the grinding papers used for the sample preparation were used 
in order from 600 to 1200. The samples were grinded in that order using the silicon 
carbide paper. The Struers grinding press is designed for grinding by using a magnet 
base which the silicon carbide paper is attached to and this holds it in place throughout 
the process. On the machine, certain parameters were required to be set before initiating 
the grinding process namely; Grinding press rotational speed and grinding time which 
determines when the machine stops grinding.  
The procedure for mounting the samples are as follows; 
• The process begins by first connecting the water supply to the machine. This 
enables the smooth grinding of the samples. 
• The water supply was turned on and channeled to the surface on the rotary table 
of the grinding machine. 
• The grinding paper (silicon carbide) was placed on the magnet on top of the 
grinding machine. 
• The samples (composites) were then loaded individually into the slots available on 
the grinding machine.  
• The machine only accommodates a maximum number of three samples as a group 
at a time. 
• The process parameters were inputted on the machine. 
• The samples were grinded three at a time for a maximum of 5 minutes. 
• Each sample is grinded four times; the grinding paper is changed for each time. 
Ranging from 600, 800, 100, 1200 at 300 RPM. 
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• Once the grinding was complete, the samples were off loaded and rinsed 
thoroughly with water.  
                 Table 3.3 Grinding Procedure 
Grinding Procedure 
SiC Paper (250mm dia.) 
Grid 
Quality 
600 800 1000 1200 
RPM 300 300 300 300 
Time (min) 5 5 5 5 
 
After grinding away the unnecessary materials on the surface of the samples, the next 
stage of the preparation was to polish the grinded surface of the samples (composites) 
on the observable side. There is no specific polishing process for enhanced coatings and 
the Titanium alloy. However, since the samples are composition of other metals, the 
polishing processes for Titanium and Aluminium were used on the samples. MD Chem 
polishing plates were used alongside OP-S lubrication for the surface of the samples 
[136]. The process for polishing and grinding is quite similar but instead of using silicon 
carbide paper, polishing disks are used and instead of water as the lubricant in the case 
of grinding, OP-S is used as the lubricant for polishing. Each of the samples were polished 
using the same machine for grinding. The polishing of the samples was left to run for 4 
minutes each, using only the MD Chem polishing disk and the OP-S as lubricant and then 
rinsed with water thoroughly. The samples were polished until a shiny surface emerged 
with no scratches present on the surface. This was the indication that the polishing was 
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successfully performed with the right process, materials and equipment. The sample 
preparation procedures were then repeated and performed for all the engineered samples 
until all of them possessed a shiny lustre. The preparation of the samples was based on 
standard procedures. (E3-11 ASTM Standard). 
 
Figure 3.3 Struers Grinding and Polishing Machine 
Before any microstructure and microhardness characterization process can be performed 
on the samples, all the samples went through the grinding and polishing process. 
3.5 Sample Preparations for Scanning Electron Microscope and Optical 
Microscope  
To prepare the engineered samples for the Optical Microscope and SEM analysis 
requires that not only do the samples need to be grinded and polished, but they also need 
to be etched. The etching of the samples makes it easier to observe the microstructure 
of the sample under the optical microscope and the SEM. The etchant is applied in the 
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preparation process to reveal details on the various layers of grains present on the sample 
surface. The chemical etchant applied in the preparation process for this research is 
called Kroll’s reagent, because there exists no specific etchant that can be applied on 
enhanced coating on the surface of the base alloy (Ti-6Al-4V). The chemical composition 
of the reagent is as follows; 
• 6 ml of HNO3 (Nitric Acid) 
• 2 ml of HF (Hydrofluoric Acid) 
• 92 ml of H2O (Distilled Water) 
The procedure for etching the samples are as follows; 
• Mix the etchant in a flask. 
• Place the sample in the etchant for 25 seconds. 
• Remove the sample from the etchant after the time elapsed and rinse thoroughly 
with water to prevent the further etching of the sample. 
• Repeat the process for all of the samples. 
3.6 Microhardness Testing  
The microhardness test is the method of applying a controlled load through the indenter 
installed on the microhardness machine onto the surface of the sample. A method of 
forcing an indentation on the surface of the sample with the specified load. The 
geometrical features (depth and size) of the indentations created on the surface of the 
samples are then used to determine the hardness value of the sample. To perform this 
characterization process, the Vickers microhardness test machine is used for this 
investigation research. Shown in Figure 3.4. 
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Figure 3.4 Vickers Microhardness Tester 
The microhardness indentations were placed in a similar manner as illustrated in Figure 
3.5. The only difference is for this investigation, 5 indents were made along the cross-
sectional (revealing the part of the composite where the enhanced hybrid coatings merge 
with the base alloy) surface of the sample (2 indents on the deposit, 1 indent in the heat 
affected one (HAZ), 2 indents on the substrate) at 3 different applied loads namely; 0.98N, 
4.9N, 9.8N, and 5 indents were also made on the surface of the hybrid coating at 2 
different loads namely; 4.9N, 9.8N. This is to ensure the consistency of the microhardness 
values obtained. 
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Figure 3.5 Configuration of Micro-Indentations [137] 
The parameter settings used to conduct the test are illustrated in Table 3.4 And Table 3.5 
respectively. 
Table 3.4 Microhardness Test Settings (Cross-sectional Surface) 
Vickers Microhardness Test Settings (Cross-sectional surface) 
Force (N)(gram 
force) 
0.98(100) 4.9(500) 9.8(1000) 
Dwell Time 
(seconds) 
15 15 15 
 
Table 3.5 Microhardness Test Settings (Enhanced Surface) 
Vickers Microhardness Test Settings (Enhanced/Hybrid surface) 
Force (N)(gram force) 4.9(500) 9.8(1000) 
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The equation employed for calculating the microhardness value is as follows; 
 𝐻𝑎𝑟𝑑𝑛𝑒𝑠𝑠 𝑉𝑎𝑙𝑢𝑒 (𝐻𝑉) =  










The significance of the variables are as follows; 
• F is the force the indenter exerts on the surface of the sample measured in Newton 
(N) or Kilogram Force (kgf). 
• The diameter d is the mean diameter calculated by utilizing the two diagonal 
diameters of the indentation made on the samples, measured in millimeters (mm). 
The Micro-Hardness indentation test was carried out following standards (E384 – 11e1 
ASTM standard). 
3.7 Microstructure  
The Microscopy analysis of the engineered samples (composites) was performed using 
an Optical Microscope. This was performed to analyse the grain sizes and distribution 
across the sample surface. SEM was used to enhance the view of the grains in the 
microstructure, giving a closer look at the relationships between the grain formations and 
the boundaries of the sample. 
3.7.1 Optical Microscope Analysis  
In this investigative research, the optical microscope served two purposes; the primary 
function of the Optical Microscope (OPM) in terms of Microscopy analysis is to display a 
clear and accurate reflection of the surface under observation through the lens, the other 
purpose of the OPM is the magnification of the reflective surface of the samples 
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engineered through the use of high focus and magnification lens. BX51M Olympus 
microscope was used during this research to analyse the samples engineered through 
studying the microstructure of the cross-sectional (revealing the part of the composite 
where the enhanced hybrid coatings merge with the base alloy) surface and the direct 
surface of the enhanced hybrid coating. The Microscopy analysis of the engineered 
samples was conducted according to standards (E2228-10 ASTM). 
 
Figure 3.6 BX51M Olympus Microscope 
3.7.2 SEM (Scanning Electron Microscope) Analysis  
The SEM (Scanning Electron Microscope) was utilized in this research to obtained more 
detailed information on the microstructure of the engineered samples at a much higher 
magnification and focus, revealing more details than the OPM could reveal. The surface 
observed using the SEM was the cross-sectional (revealing the part of the composite 
where the enhanced hybrid coatings merge with the base alloy) surface of the engineered 
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sample. The SEM has a very powerful lens and can produce images of higher 
magnification when compared to the OPM. The SEM the X-MAX instrument, as well as 
EDS (Electron Dispersive Spectroscopy). The weight percentage and the atomic weights 
of the elements present in a specific area of the sample are used to differentiate between 
elements. This is accomplished using the INCA-point ID software. TESCAN is the brand 
of the SEM machine that utilizes the software (VEGA TC) to properly perform all the SEM 
analysis on the engineered samples. All the SEM analysis performed on the engineered 
samples was conducted according to standards (C1723-10 ASTM). 
 
Figure 3.7 TESCAN SEM Setup [138] 
 
3.8 X-Ray Diffraction (XRD)  
X-Ray diffraction test is a very significant test as it shows the building blocks or fingerprints 
of the material. Therefore, the X-Ray diffraction patterns produced by a material (in this 
case, the composites engineered) is the fingerprints of that material. The XRD test is an 
effective method of determining crystalline structure of materials [138]. A lot of information 
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about the material can be obtained from the XRD data such as; grain orientation (the 
texture), the lattice strain, the crystal structure (the phase, size). The test was performed 
by inserting the cut-out samples separated for this section of analysis into slots present 
inside the machine, afterwards a scan is initiated on the samples to collect the right 
information. The XRD machine is shown in Figure 3.8. 
 
 
Figure 3.8 XRD Machine [138] 
3.9 Corrosion Analysis  
The samples engineered using the laser metal deposition were cut into dimensions of 10 
x 10 x 5 mm. To perform corrosion resistance tests on the samples, some preparations 
had to be performed on the samples. These preparations are as follows; 
• The first step is to attach a conducting copper wire to one side of the sample with 
the enhanced/hybrid coatings exposed and conductive on the other side. 
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• The wire was then firmly attached to the surface of the sample by using epoxy glue 
to make sure the conducting wire does not come off during the experiment.   
• After attaching the wires to all the samples and ensuring that they’re conductive, 
the next step is to cold mount the samples. 
• The samples are cold mounted using epoxy resin. 
• Cold mounting is the mixing of resin and a catalyst in a small mounting cup to form 
mounts which are similar to hot mounts, but often time transparent. 
• Because the samples had an enhanced hybrid coating on the exposed surface, 
the samples were not grinded after cold mounting, but instead the samples were 
mounted with the surface exposed already.   
 
 
Figure 3.9 Corrosion Analysis Setup 
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The samples were then cleaned and immersed in a salt solution (3.5% of NaCl solution) 
to commence the corrosion resistance analysis of the engineered samples (composites). 
The salt solution was prepared from mixing distilled water with 3.5% NaCl. The 
electrochemical testing of the samples was performed using a potentiostat (PGSTAT30) 
via the potentiodynamic polarization method, the test was performed on the engineered 
samples according to standards (ASTM 5-94 and ASTM G3-89). To conduct the corrosion 
resistance tests on the engineered samples, there was a need to setup and implement a 
3-electrode corrosion cell, it consisted of; a counter electrode (Platinum Rod), a reference 
electrode (Saturated Ag/AgCl) [78]. When using the potentiodynamic polarization method 
for corrosion resistance testing, the current density of the system is obtained. The current 
density is obtained by approximation of the total current produced during the polarization 
of the anodic and cathodic while the sample begins to corrode. To determine the corrosion 
rates of the engineered samples, the linear polarization resistance (Rp) was used. The 
measurements of the polarization during the testing was conducted with a 0.0002 mV/s 
scan rate over the surface of the engineered samples and the voltage potential was –250 
mV to +250 mV. The corrosion resistance test for each engineered sample was ran for 
two hours [78, 139].  
3.10 Summary 
The experimental methodologies, procedures and tools used to characterize the 
engineered samples were presented in detail in this chapter. For the process parameters 
(Laser power, Scanning Speed) selected from the LMD operation, the impact on the 
metallurgical, mechanical, physical properties of the engineered samples were 
investigated using the experimental methodologies to evaluate the quality of the 
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engineered samples (composites) through implementation of the testing procedures 
discussed in this chapter. The Microscopy tests were conducted using the OPM and SEM, 
Structural test was conducted using XRD analysis, Mechanical test was conducted using 
the Vickers Micro Hardness tester and finally the Corrosion resistance test was conducted 
using the potentiostat. The next chapter of this research project discussed the results 
obtained from the characterization performed on the engineered samples. The impact of 
the selected process parameters on the microstructure, micro hardness and changes in 
the engineered samples were investigated through analysis of the results. The 
relationships between the selected process parameters and the results obtained from the 
analysis of the changes in the properties of the engineered samples provides insight into 
the mechanics of the LMD operation, hence providing the LMD operation a window of 
opportunity to be investigated further. This will enable the manufacturing engineers to 
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CHAPTER 4: RESULTS AND DISCUSSION 
 
4.1 Introduction  
This chapter of the research presents the Experimental results obtained from the 
implementation of the experimental methodologies to characterize the effects of the 
process parameters of the LMD operation to engineer the composites (deposition of Al-
Cu-Ti powder on the base alloy; Ti-6Al-4V to enhance the mechanical and physical 
properties). The nature of these experimental procedures performed on the Titanium alloy 
were described in chapter 3. The obtained results and data for each characterization and 
experimental process performed on the Titanium alloy namely; Microstructure 
characterized by the use of SEM and an Optical Microscope, Microhardness 
characterized by the use of a Vickers Hardness tester, X-Ray diffraction and corrosion 
resistance test of the Laser Metal Deposition of the powder Al-Cu-Ti to form hybrid 
coatings on the Titanium alloy will be discussed in this chapter.   
4.2 Microstructure  
4.2.1 General Microstructural Observations 
According to the research conducted by Zhou et al and Akinlabi et al [17, 24], after the 
Laser metal deposition of powders consisting of aluminium and other alloying elements 
on titanium alloy (substrate), the microstructure reveals the presence of alpha phase 
grains and also beta phase grains. The propagation of the alpha phase grains is more 
evident at lower scanning speeds during the LMD process, the beta phase grains are 
more evident at higher scanning speeds [24,140]. The geometrical properties of the 
substrate are also affected by the variations caused by the LMD process, the increase in 
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the scanning speed of the LMD process affects the width, height and Heat affected zone 
(HAZ) of the samples (composites) produced, and this is due to the laser metal interaction 
with the substrate [26]. Microhardness properties as well as the corrosion resistance 
properties of the base alloy were also subject to change with the variation of the scanning 
speed of the LMD process [24, 26]. 
The General macrostructure of the samples produced showed that the deposition of the 
new hybrid coatings on the surface of the substrate (Titanium alloy) produced a bumpy 
texture on the substrate, the surface was not evenly smooth, this is due to the interaction 
of the laser power and the molten pool on the surface of the substrate. This analysis was 
performed on the bare surface of the coating, not on the cross-sectional surface of the 
coating. After grinding and polishing processes described in Chapter 3 were performed 
on the samples (composites), the fusion between the coating and the substrate was 
observed. The samples displayed different geometrical properties at the fusion layer, the 
HAZ of the samples also propagated different observable results and properties, the main 
factors causing these unique properties are the changes and variations of the process 
parameters during the deposition [28]. These factors provide an insight and 
understanding of the type of bonds formed by LMD operation with the selected process 
parameters, they provide an understanding of the Metallurgical durability of the hybrid 
coatings on the substrate. The General microstructure of the samples are explained in 
section 4.2.2. 
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4.2.2 Morphology of Titanium alloy (Ti-6Al-4V) and Engineered Samples 
(Composites) Using OPM 
4.2.2.1 Titanium Alloy 
Figure 4.1 depicts the overall microstructure of the titanium substrate as well as the grain 
structure of the titanium substrate before the LMD process was performed to improve the 
properties of the metal, the average size of the propagated beta grains is approximately 
75µm. The titanium substrate before the LMD process in Figure 4.1 shows the existence 
of alpha (α) and beta (β) grain particles present in the metal. These grains are increased 
in number and sizes after the LMD process is performed, the resulting microstructure of 
the propagated grains will be depicted in the following sections, where the general 
overview of the samples will be explained in detail. Before the LMD process, the alpha 
and beta phase grains are distributed fairly evenly across the titanium substrate, this 
shows a homogenous structural integrity of the metal.  
 
Figure 4.1 OPM Analysis of Base Alloy (Ti-6Al-4V Substrate) 
                
Figure 4.1 shows the general microstructure of the substrate at a magnification of 20x, 
the image was obtained by the use of an Optical Microscope (OPM). The light parts of 
Magnification: 20x 
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the microstructure depict the formation of the alpha phase particles and the dark regions 
of the microstructure depicts the formation of the beta phase particles. 
 
Figure 4.2 OPM Analysis of Alpha and Beta Phases of Ti-6Al-4V Microstructure 
Figure 4.2 shows more detailed distribution of the alpha and beta phase particles over 
the surface of the substrate microstructure, this image was obtained by means of an OPM 
at a magnification of 100x. Over the surface of the substrate grains exist at different 
shapes and sizes, some areas more concentrated with alpha phase particles, while some 
areas more concentrated with beta phase particles [33]. The grain sizes were measured 
using ImageJ at selected areas over the substrate to produce the average grain size of 
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4.2.2.2 Microstructure of the Engineered Samples 
Analysing the microstructure of the engineered composite in Figure 4.3 confirms the 
existence of the Binary Structural matrix (Al-Cu alloy) and the Ternary structural matrix 
(Al-Cu-Ti alloy) within the base alloy; Ti-6Al-4V. The microstructure of the composites 
displays a dull Brownish/Yellow pigmentation which shows the fusion of the Binary alloy; 
Al-Cu. Copper displays a reddish-brown pigmentation within the microstructure of alloys, 
Aluminium dulls the microstructure within alloys [34]. The coating used for the LMD 
operation comprised of these alloying elements. The resulting microstructure is shown in 
Figure 4.3. The examination of the microstructures of the engineered composites reveals 
two phases within the structural matrix of the composites namely; α (Alpha) phase and 
the θ (Theta) phase [39]. The alpha phase of the microstructure represents particles in 
the structural matrix of the base alloy; Ti-6Al-4V; the white pigmentation, combined with 
the Theta particles which represent the Binary alloys; these are evident by the 
Brownish/yellow pigmentations within the alpha phase structure. The Binary alloys form 
needle like structures within the base alloy [47]. The presence of Aluminium within the 
composites forms dendrites combined with the Copper particles to establish the Theta 
phase particles [47, 48]. 
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Figure 4.3 Microstructure of Composite; Ti-6Al-4V/Al-4Cu-7Ti (900 W, 0.8 m/min) 
 
The Microstructural evolution and fusion between the separate layers of the composites 
engineered by the LMD operation is shown in Figure 4.4. The microstructural 
characteristics of deposited coatings, the region of interface and the base alloy are shown 
in Figure 4.4. The fusion of the materials used for improving the properties of the base 
alloy by the LMD operation is discussed in the sections of this chapter. 
Magnification: 50x 
θ Phase Alloys 
Al-Cu 
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Figure 4.4 Fusion Zone of Composite; Ti-6Al-4V/Al-4Cu-7Ti (900 W, 0.8 m/min) 
The engineered samples (composites) possess similar macrostructural characteristics 
after the LMD operation was performed. Observing the microstructure for geometrical 
characteristics, the following regions are evident; the deposit of the coating materials, the 
fusion and Heat affected Zone (HAZ), and the base alloy [50, 51]. These characteristics 
are shown in Figure 4.5. 
 
Figure 4.5 Cross-sectional Overview of Composite; Ti-6Al-4V/Al-4Cu-7Ti (900 W, 0.8 m/min) 
HAZ 
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Figure 4.5 represents the cross-sectional general overview of the first engineered sample 
after the etching process. The dark pigmented areas of the sample represent grains 
formed after the LMD procedure, the concentration of grains vary from area to area, as 
well as the formation of these grains. The sample is divided into 3 sections namely; the 
deposit, the heat affected zone (HAZ) and the substrate. The image was captured at a 
magnification of 20x using the OPM. 
        
Figure 4.6 Microstructural Phase of Composite; Ti-6Al-4V/Al-4Cu-7Ti (900 W, 0.8 m/min) 
Figure 4.6 shows the formation of grains in the deposit of the sample these grains are 
characterized by their shapes and formations and they are called Dendrites. These grains 
are the typically formed when aluminium and copper alloys are introduced into a metal, 
in this case the titanium substrate [53]. The Geometrical characteristics of the deposited 
clad (enhanced surface coating materials on the base alloy to engineer the composites) 
are shown in Table 4.1. and Figures 4.7-4.9. Eight (8) samples were engineered with the 
LMD operation These geometrical measurements and analysis were conducted on the 
Deposit 
Magnification: 50x 
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samples keeping the Scanning speed constant at 0.8 m/min and varying the Laser power 
between 900 W and 1000 W. Hence, by keeping a scanning speed constant the 
geometrical analysis can be performed on the selected composites. This will ensure each 
sample is analysed thoroughly to observe the structural improvements. 
Figure 4.7 (A) and (B), show the direct relationship between the geometrical 
characteristics; the height of the Deposit (coatings) on the base alloy, the height of the 
HAZ (Heat Affected Zone) and the variations in the Laser Power used for the LMD 
operation. From the observations of the charts, the following conclusions were drawn; the 
increase of the LMD Laser power does not favour the increase of the Deposit (coatings) 
height and the HAZ height. 



























900 1.589 0.243 0.122 6.54 33.4 45.4 
1000 1.467 0.217 0.117 6.76 35.0 52.7 
Ti-6Al-4V/Al-
7Cu-5Ti 
900 1.625 0.262 0.118 6.20 31.1 48.3 
1000 1.565 0.218 0.112 7.17 33.9 61.8 
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Figure 4.7 Graph of Deposit Height and HAZ Height vs Laser Power 
 
 














































































































Rate of Dilution vs Laser Power
Ti-6Al-4V/Al-4Cu-7Ti Ti-6Al-4V/Al-7Cu-5Ti
B
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Figure 4.9 Graph of Aspect Ratio and Powder Efficiency vs Laser Power 
These geometrical properties decrease with the increase in the Laser Power [53]. These 
findings are contrary to the theoretical studies of the LMD process which states; 
increasing the Laser Power of the LMD operation will increase the density and mass of 
the Deposited clad, hence increasing the deposit height. This occurs resulting from a 
phenomenon described as the interaction between the Laser and the materials in the melt 
pool [53, 54, 141]. Before the coating materials are fed via the nozzle to the surface of 
the base alloy, they first interact with the Laser beam directly. Hence this causes the 
coating materials to partly melt before contact with the surface of the base alloy [55, 56]. 
The results from the Figure show that the Laser-Material interaction theory was not valid 
for these composites, during the LMD operation, the coating materials formed denser and 
solid Deposit clads at a lower Laser Power of 900 W, hence the Laser-Materials 
interaction was more successful with a lower Laser Power [56, 142]. This interaction also 
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increase in the Laser Power to 1000 W produced composites with smaller Deposit Width, 
the Laser energy input of 900 W resulted in composites with wider Deposit areas. The 
energy of the Laser Power at 900 W was sufficient to engineer composites with dense 
geometrical properties, evident in the Height and Width of the Clad [57]. The increase in 
the energy of the LMD operation causes the width and height of the clad to be narrow 
and thin [57]. The analysis between the Rate of Dilution and the Laser Power is shown in 
Figure 4.8 (B). The Rate of Dilution of the composites show that an increase in the Laser 
Power of the LMD operation increases the rate at which the coating materials are diffused 
through the structural matrix of the base alloy mixing the metallurgical properties of the 
materials. The composite with the highest Rate of Dilution is; Ti-6Al-4V/Al-7Cu-5Ti. This 
shows that adding more Copper into the structural matrix of the base alloy allows the 
quick diffusion of the coating elements into the base alloy (substrate) [60, 61]. The 
analysis of the Aspect Ratio with respect to the Laser Power is shown in Figure 4.9 (A), 
it is evident that the increase in the Laser Power of the LMD operation to 1000 W produces 
composites with bigger Aspect Ratio and using energy of 900 W produces composites 
with smaller aspect ratios. The composites with the bigger Aspect Ratios are not 
necessarily thick layers of coating, this is evident from the Deposit Height and Width of 
the composites. In this case the Aspect Ratio is large, but the coatings are thin. The 
relationship between the Powder efficiency and the Laser Power is shown in Figure 4.9 
(B) from the results, it is evident the increase in Laser Power increases the powder 
efficiency, similar to the Rate of Dilution and Aspect Ratio [63]. The composite with the 
highest powder efficiency is Ti-6Al-4V/Al-7Cu-5Ti. From the analysis of the Geometrical 
properties of the engineered composites with respect to the Laser Power, the increase in 
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the Laser Power of the LMD operation decreased the Deposit height, HAZ height and the 
Deposit width. But there was an increase in the Rate of Dilution, Aspect Ratio and Powder 
Efficiency with an increase in the Laser Power [63]. 
The Geometrical characteristics of the deposited clad (enhanced surface coating 
materials on the base alloy to engineer the composites) are shown in Table 4.2. Eight (8) 
samples were engineered with the LMD operation These geometrical measurements and 
analysis were conducted on the samples keeping the Laser Power constant at 900 W and 
varying the Scanning Speed between 0.8 m/min and 1.0 m/min. Hence, by keeping the 
Laser Power constant the geometrical analysis can be performed on the selected 
composites. This will ensure each sample is analysed thoroughly to observe the structural 
improvements. 



























0.8 1.456 0.224 0.119 6.50 33.7 57.8 
1.0 1.358 0.205 0.107 6.62 34.3 45.3 
Ti-6Al-4V/Al-
7Cu-5Ti 
0.8 1.526 0.242 0.121 6.31 33.3 62.3 
1.0 1.437 0.211 0.111 6.81 34.5 59.4 
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Figure 4.11 Graph of Deposit Width and Rate of Dilution vs Scanning Speed 
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The analysis of the Height characteristics in terms of the Deposit height and HAZ height 
as a function of the variations in scanning speed is shown in Figure 4.10 (A) and (B) from 
the results shown in the graphs, the geometrical height properties of the deposited clad 
reduce with an increase in the scanning speed of the LMD operation. This occurs as a 
result of the available amount of powder materials ready to interact with the Laser and 
form dense Clad deposits [63, 65]. A lower scanning speed means there was enough 
time for the coating materials to interact with the Laser and fuse with the base alloy (an 
increase in the quantity of the coating materials deposited per unit length on the base 
alloy). The increase in the scanning speed of the LMD operation produced less dense 
composites, there was not enough time for the coating materials to interact with the Laser 
and fuse with the base alloy. These observations are further supported with the results 
from the graph of the Deposit width as a function of scanning speed. The increase in the 
scanning speed of the LMD operation decreased the deposit width, while the decrease in 
scanning speed increases the deposit width; resulting from the available time for the 
coating materials to interact with the laser and fuse with the base alloy [66, 67]. From the 
graph of the Rate of Dilution as a function of the scanning speed, it is evident that the 
increase in the scanning speed of the LMD operation increases the Rate of Dilution of the 
coating materials within the structural matrix of the base alloy [67]. This shows that at an 
increased scanning speed more of the coating materials mix with the base alloy to 
produce the composites. This implies that the coating materials mix well with the base 
alloy below the surface of the deposited clad [67, 143]. From analysis conducted on the 
Aspect ratio versus the scanning speed, the increase in the scanning speed similar to the 
rate of dilution, increases the Aspect Ratio of the composites produced. This further 
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supports the results from the Rate of dilution; the successful dilution of the coating 
materials within the structural matrix of the base alloy, causes the aspect ratio to increase 
by reducing the deposit height of the deposited clad [67]. From the analysis of the 
relationship between the powder efficiency and scanning speed in Figure 4.12 (B), the 
decrease in the scanning speed of the LMD operation increases the powder efficiency 
and an increase in the scanning speed decreases the powder efficiency; the increase in 
the scanning speed causes higher rate of dilution, resulting in the decrease in the 
geometrical properties (Height and Width) of the deposit clad [67, 70]. This causes the 
decrease in the powder efficiency with respect to the geometrical properties of the 
composites.  
4.2.3 SEM Analysis of the Microstructural Evolution of the Composites 
The images showing the high-resolution, high magnification microstructural matrix of the 
Base Alloy and the engineered composites were obtained using the SEM (Scanning 
Electron Microscope). Figures 4.13 - 4.19 show the microstructural matrix of the base 
Alloy and the engineered composites; the deposit of the coating materials, fusion region 
and the base alloy. The microstructural evolution of the materials resulting from the 
applied process parameters of the LMD operation exhibit a variation in the structure of 
grains and pigmentations of the engineered composites [67, 70]. These structural 
changes and grain propagation are mostly similar for all the composites, but some vary 
slightly; resulting from the increase in the Laser Power of the LMD operation, some 
defects and cracks propagated within the fusion region of the composites. The scanning 
speed also impacted the formation of the microstructure, within the microstructure of 
composites, the propagation of pores was evident [74, 144, 145]. The composites are 
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composed of Ti-6Al-4V/Al-Cu-Ti materials. Within the microstructural matrix, from Figure 
4.14 (A), 4.15 (A) and (B), the metals aluminium and copper form binary alloys within the 
structural matrix, taking the form of columnar and dendrite grains and are greatly 
propagated throughout the microstructural matrix of the composites [143, 144]. The 
propagation of these grains were initiated by the solidification process of the 
microstructure after the LMD operation; the Laser interacts with the powder (coating 
materials) fed onto the surface via the feed nozzle, the laser melts the powder coatings 
before they arrive on the surface of the base alloy (Ti-6Al-4V) creating a melt pool of the 
deposited materials directly on the surface of the base alloy [79].  
 
Figure 4.13 Base Alloy;Ti-6Al-4V 
Since the materials are to serve as coating, the entire microstructure of the base alloy is 
no changed drastically. Only the region of interaction between the melt pool of the coating 
materials and the base alloy undergo a microstructural evolution. Hence, the Rate of 
Dilution of the composites was required to understand the level of diffusion of the coating 
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materials in the structural matrix of the base alloy [80]. The analysis of the Rate of Dilution 
was conducted and presented in Figure 4.8 (B) and 4.11 (B). Within the Microstructure of 
the composites, there were compositions of the alloy elements and proportions of Nickel 
in the microstructure, this is supported by the EDS analysis of the composites. The 
alloying metals Al and Cu formed dendrites after the solidification process of the 
composites was initiated. The alloying metal Cu from microstructural studies is known to 
possesses strong Beta (β) stabilising particles that are propagated within the 
microstructural matrix of composites [80, 81]. Hence the fusion of the Cu alloying element 
with the Titanium structural matrix initiates the propagation of the Beta-Titanium (β-Ti) 
phase structure. The formation of this Binary structure is imitated during the cool-down 
process and the Cu elements of the coating materials fuse more with the Titanium 
structural matrix when compared to other elements in the coating powder, this is 
supported by the EDS analysis performed on the composites [82, 83]. 
 
Figure 4.14 Composite Ti-6Al-4V/Al-4Cu-7Ti (A); 900 W, 0.8 m/min and (B); 900 W, 1.0 m/min 
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 Figures 4.14 - 4.19 show the high magnification images of the structural matrix of the 
engineered composites. Within the Titanium lattice, apart from the existence of the Cu 
Beta (β) phase stabilisers, the aluminium elements also play a very significant role within 
the morphology of the composite lattice structure [84, 85]. The presence of the Aluminium 
initiates the propagation of Titanium Aluminides (TiAl). The pigmentation characteristics 
of Aluminium show that within the microstructure of composites, they form dark grey 
grains described as the alpha grain particles within the structural matrix [86]. Copper 
forms Beta phase grains with Brownish/Yellow pigmentations. These shapes and 
pigmentations are evident within the microstructure of the composites. The Binary alloy 
Al-Cu within the structural lattice typically propagate dendritic grain structures at 
increased Laser Power and Scanning Speed [86, 87]. The combination of the alpha phase 
particles and the beta phase stabilisers form a network of intermetallic inter-dendritic 
eutectic phase structure within the fusion regions of the composites [88, 89].  
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Figure 4.17 Composite Ti-6Al-4V/Al-7Cu-5Ti (A); 1000 W, 0.8 m/min and (B); 1000 W, 1.0 
m/min 
The microstructure of the composites; are shown in Figures 4.18 - 4.19 from the analysis 
of the microstructural lattice of the composites, it is evident that the intensity of the Laser 
power plays a significant role on the evolution and structural integrity of the Deposit, 
Region of Fusion and the HAZ (Heat Affected Zone) of the composites [90]. The variation 
in the Laser power of the LMD operation causes the homogenous fusion of the coating 
materials and the base alloy for some composites and causes defects in the fusion region 
of some composites these are shown in Figure 4.18 - 4.19. The Laser Power of the LMD 
operation initiates the transformation and fusion of the coating materials with the Titanium 
alloy through the heat energy dispersed throughout the structural matrix of the alloy [92, 
94]. The Laser Power helps the fusion of the coating materials with the Titanium alloy, 
hence initiating the propagation of the Dendritic grains by increasing the Laser Power and 
Scanning Speed [96, 97]. From the analysis of the Deposit geometrical properties, it was 
found that an increase in the scanning speed of the LMD operation causes a decrease in 
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speed, the deposit is dense, coarse and packed with materials [100]. At a higher scanning 
speed, the deposit is more diluted within the Titanium alloy, forming a smaller Geometrical 
characteristic. This produces a more refined and even out microstructure shown in Figure 
4.14 (B). The cracks, defects and pores propagated within the structural matrix of the 
composites possess no uniformity or consistency within the structural lattice of the 
composites. Some defects were observed along the edge of the fusion region and some 
within the microstructure of the composites. The cracks and defects propagate by a 
combination of conditions; the Laser Power of the LMD operation induces thermal 
stresses within the structure of the composites, the shielding gas flow rate with the 
scanning speed causes gas to trap within the structural matrix [146], shown in Figure 4.19 
(A). After the LMD operation is over, the rapid cooling of the composites forces the 
propagation of cracks within the matrix, initiated from the HAZ and track across the fusion 
region of the composites. The pores within the microstructure of the composites are very 
small in size. The combination of the selected Laser Power and Scanning Speed 
produced uniformity across the microstructure of the composites. Hence the few pores 
propagated were small in size. 
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Figure 4.18 Composite Ti-6Al-4V/Al-4Cu-7Ti (A); 900 W, 0.8 m/min and (B); 1000 W, 0.8 m/min 
 
Figure 4.19 Composite Ti-6Al-4V/Al-7Cu-5Ti (A); 900 W, 1.0 m/min and (B); 1000 W, 1.0 m/min 
 
4.2.4 EDS (Electron Dispersive Spectroscopy) 
The analysis of the elemental composition of the structural matrix of the composites was 
performed using EDS to support the Experimental analysis. Figure 4.20 - 4.28 show the 
elemental composition of the composites with respect to the varied parameters. From the 
















134 | P a g e  
 
to appear in large distributions (copper and titanium). Aluminium was also expected but 
in moderate distributions.  
 
Figure 4.20 Base Alloy; Ti-6Al-4V 
Figure 4.20 shows the EDS image developed for the Base Alloy; Ti-6Al-4V. This EDS 
analysis of the base alloy shows the unaltered elemental composition before the LMD 
hybrid coating operation commenced. The Microstructural evolution of the engineered 
composites occurred after the LMD Operation was completed. The combination of the 
selected process parameters initiates the propagation of the desired morphology and 
metallurgical properties. 
 
Figure 4.21 EDS Analysis of Composite Ti-6Al-4V/Al-4Cu-7Ti; 900 W, 0.8 m/min          
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Figure 4.22 EDS Analysis of Composite Ti-6Al-4V/Al-4Cu-7Ti; 900 W, 1.0 m/min 
Figure 4.21 - 4.22 show the EDS Analysis of Composites Ti-6Al-4V/Al-4Cu-7Ti; 900 W at 
0.8 m/min and 1.0 m/min respectively. The elemental composition of the composites 
which form intermetallic compounds within the microstructural matrix are shown in 
Figures 4.21 and 4.22. The alloys of aluminium and copper formed binary alloys within 
the structural matrix, taking the form of columnar and dendrite grains and are greatly 
propagated throughout the microstructural matrix of the composites [147, 148].  
 
Figure 4.23 EDS Analysis of Composite Ti-6Al-4V/Al-4Cu-7Ti; 1000 W, 0.8 m/min 
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Figure 4.24 EDS Analysis of Composite Ti-6Al-4V/Al-4Cu-7Ti; 1000 W, 1.0 m/min 
The composites Ti-6Al-4V/Al-4Cu-7Ti at 1000 W, at 0.8 m/min and 1.0 m/min, Figures 
4.23 and 4.24 showed a similarity in the peak compositions. Elemental composition found; 
Ti, Cu, Al, Ni within the composites. The compositions at the highest peak were found to 
be a combination of the binary elemental matrices of AlCu, and CuTi. Hence, an increase 
in the laser power and scanning speed increased the diffraction peaks of aluminium-
copper binary systems within the composite [148, 149]. 
 
Figure 4.25 EDS Analysis of Composite Ti-6Al-4V/Al-7Cu-5Ti; 900 W, 0.8 m/min 
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Figure 4.26 EDS Analysis of Composite Ti-6Al-4V/Al-7Cu-5Ti; 900 W, 1.0 m/min 
The composites possess elemental homogeneity within their structural matrices [150]. 
Figure 4.26 shows the elemental composition of the region where the trapped shielding 
gas from the LMD operation created a bulge within the microstructure of the composite. 
The cracks and defects propagate within the structural matrix by a combination of laser 
conditions. The laser power of the LMD operation induces thermal stresses within the 
structure of the composites, the shielding gas flow rate with the scanning speed causes 
gas to trap within the structural matrix [151].  
 
Figure 4.27 EDS Analysis of Composite Ti-6Al-4V/Al-7Cu-5Ti; 1000 W, 0.8 m/min 
 
138 | P a g e  
 
 
Figure 4.28 EDS Analysis of Composite Ti-6Al-4V/Al-7Cu-5Ti; 1000 W, 1.0 m/min 
The composites with composition Ti-6Al-4V/Al-7Cu-5Ti in Figures 4.25 - 4.28 all showed 
similar characteristics at the highest peaks. The process parameters selected for these 
composites enabled the increase in the peaks of CuTi, AlCu, and TiAl. The distribution of 
the remaining elemental compositions throughout the highest peaks remained constant 
[101]. The intermetallic compounds occurring at the peaks of these composite was 
possible because of the presence of the alloying elements of Al, Cu, and Ti. The EDS 
analysis of composite Ti-6Al-4V/Al-7Cu-5Ti at 1000 W and 0.8 m/min in Figure 4.27 
showed a deviation from the similar characteristics of the other composites, and traces of 
Iron (Fe) were found within the microstructure of the composite. These were impurities 
added to the base alloy during the LMD operation. 
4.3 Microhardness Analysis  
The Microhardness analysis was performed using the Vickers microhardness tester to 
make indentations across the surface of the composites and the cross-sectional surface 
(surface exposing the deposit clad, fusion zone and base alloy) of the composites. The 
average values of the indentation measurements recorded for the cross-sectional surface 
are shown in Table 4.3. 
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Figure 4.30 Microhardness Graph of Ti-6Al-4V/Al-7Cu-5Ti Composites (Cross-sectional 
Surface) 
The microhardness analysis of the composites across the cross-sectional area shows the 
mean hardness value of the composites increase with an increase in the Laser power of 
the LMD operation. From Figure 4.29 representing the composite Ti-6Al-4V/Al-4Cu-7Ti, 
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of 900 W. The hardness value of the composite Ti-6Al-4V/Al-7Cu-5Ti follows the trend of 
increasing the hardness value with an increase in the Laser Power of the LMD operation. 
When compared to the parent material (Ti-6Al-4V), the mean hardness value of the new 
composites exceeds that of the base alloy. The overall mean hardness values of the 
composites increase with an increase in the scanning speed of the LMD operation [107]. 
An increase in the scanning speed causes an increase in the rate of dilution; this implies 
that the increase in the mean hardness value of the composites is credited to the level of 
diffusion of the coating materials within the structural matrix of the base alloy [108]. This 
is supported by the analysis of the rate of diffusion of the composites. The increase in the 
percentage of aluminium and copper elements within the structural matrix of the base 
alloy increases the mean hardness value of the composites; these coating materials were 
chosen and introduced into the structural matrix of the base alloy to enhance the 
mechanical properties of the alloy. Hence, the trends observed follow the theoretical 
studies conducted on the influence of these alloying elements. Hence, it is evident that 
using a higher scanning speed and laser power during LMD operation increases the rate 
of dilution which in turn strengthens the hardness properties of the composites [111, 122]. 
The average values of the indentation measurements recorded for the enhanced surface 
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Figure 4.32 Microhardness Graph of Ti-6Al-4V/Al-7Cu-5Ti Composites (Enhanced Deposit 
Surface) 
 
Theoretically, when analysing the microhardness of a material across the surface of that 
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across the cross-sectional area [122]. The microhardness analysis of the composites 
across the surface area shows the mean hardness value of the composites decrease with 
an increase in the laser power of the LMD operation for the composite Ti-6Al-4V/Al-4Cu-
7Ti. From Figure 4.31 representing the composite Ti-6Al-4V/Al-4Cu-7Ti, the mean 
hardness value of the surface was highest at the laser power of 900 W. The hardness 
value of the composite Ti-6Al-4V/Al-7Cu-5Ti follows the same trend of increasing the 
hardness value with a laser power of 900 W for the LMD operation. When compared to 
the parent material (Ti-6Al-4V alloy), the mean hardness value of the new composites 
exceeds that of the base alloy. The overall mean hardness values of the composites 
increase with an increase in the scanning speed of the LMD operation. An increase in the 
scanning speed causes an increase in the rate of dilution; this implies that the increase 
in the mean hardness value of the composites is credited to the level of diffusion of the 
coating materials within the structural matrix of the base alloy [124, 125]. This diffusion of 
materials within the microstructure of the composites result in the microstructural 
evolution, regional, layer by layer phase variations of the composites [126]. The enhanced 
surface hardness properties of the composites are attributed to the formation of 
intermetallic compounds such as AlCu, TiAl, and NiTi. The improved hardness properties 
result from the structural solidification due to effective diffusion of the coating alloying 
elements and elements present within the base alloy [126, 127]. The hardness value of 
the composites varies due to the elemental distribution of alloying metals available to form 
intermetallic compounds with hardening properties. These factors impact the hardness 
distribution throughout the composites as different microstructures emerge after 
solidification [127, 129]. This is supported by the analysis of the rate of diffusion of the 
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composites. The increase in the percentage of aluminium and copper elements within the 
structural matrix of the base alloy increases the mean hardness value of the composites; 
these coating materials were chosen and introduced into the structural matrix of the base 
alloy to enhance the mechanical properties of the alloy [129, 152]. Hence, the trends 
observed follow the theoretical studies conducted on the influence of these alloying 
elements. Hence, it is evident that using a higher scanning speed and lower laser power 
during LMD operation increases the rate of dilution which in turn strengthens the hardness 
properties of the composites. 
4.4 XRD (X-Ray Diffraction) 
The analysis of the XRD results are displayed in Figures 4.33 - 4.40 showing the 
engineered composites at their varying laser power and scanning speed. Analysing the 
results, it shows that the dilution of the coating materials into the composites were 
successful, hence the EDS analysis and the XRD results support the rate of dilution 
analysis. The coating materials diffused and became integrated into the structural matrix 
of the base alloy to form the composites. From the compositions found from the 
composites, the following intermetallic were present Ti, Al, Cu, Ni, Ti3Al, AlCu, Al3Ti, 
AlCu2Ti, NiTi, CuTi, and CuTi2. These compositions were formed during the LMD 
operation through the elemental metallurgical reactions that occurred [129, 130]. The 
compositions found from XRD analysis were expected after observing the rate of dilution 
of the coating materials into the base alloy and observing the EDS elemental 
compositions. There was fair distribution of the metal elements throughout the 
microstructural matrix of the composite. Hence, analysing the maximum peaks provides 
insight as to the elemental composition that is favourable by the selected process 
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parameters of the LMD operation [131]. From Figures 4.33 - 4.36, comparing the Ti-6Al-
4V/Al-4Cu-7Ti composites with the varied laser power and scanning speed, the following 
conclusions are made from the analysis of the highest peak values. Composite Ti-6Al-
4V/Al-4Cu-7Ti at 900 W and 0.8 m/min comprised of the binary elemental matrix CuTi, 
the process parameters enabled the increase in the diffraction peak of Cu particles within 
the structural matrix of the composite. The composite Ti-6Al-4V/Al-4Cu-7Ti at 900 W, 1.0 
m/min similarly also showed the increased propagation of the binary elemental matrix 
CuTi2. There is a great increase in the level of the diffraction peaks of titanium within the 
composites due to the Al-Cu-Ti powder used. The composite Ti-6Al-4V/Al-4Cu-7Ti at 
1000 W, 1.0 m/min, showed a variation in the peak compositions. The compositions at 
the highest peak were found to be a combination of two binary elemental matrices AlCu, 
and CuTi. Hence, an increase in the laser power and scanning speed increased the 
diffraction peaks of aluminium-copper binary systems within the composite [132]. The 
composites with composition Ti-6Al-4V/Al-7Cu-5Ti, all showed similar diffraction 
characteristics at the highest peaks. The process parameters selected for these 
composites enabled the increase in the diffraction peaks of the following CuTi, AlCu, 
AlCu2Ti, and Ti3Al. The distribution of the remaining elemental compositions throughout 
the diffraction peaks remained constant. These diffractions occurring at the peaks of 
these composite was possible because of the presence of the alloying elements Al, Cu, 
Ti. Hence, with the combination of these alloying elements within the microstructural 
matrix, the binary and ternary systems formed and are showed at the highest peaks of 
diffraction. The binary system Ti3Al is described as titanium aluminide [14, 48]. From the 
analysis of all the peak diffractions, it is indicated that the selected process parameters 
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of the LMD operation enabled the increased metallurgical reactions between Al, Cu and 
Ti to form the binary and ternary systems [48, 49]. Examining the phase changes, the 
addition of the alloying element; Al initiates the formation of the BCC phase matrix and 
the addition of the alloying element; Cu initiates the formation of the FCC phase matrix 
[49]. 
 
Figure 4.33 XRD Analysis of Composite; Ti-6Al-4V/Al-4Cu-7Ti (900 W, 0.8 m/min) 
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Figure 4.34 XRD Analysis of Composite; Ti-6Al-4V/Al-4Cu-7Ti (900 W, 1.0 m/min) 
 
Figure 4.35 XRD Analysis of Composite; Ti-6Al-4V/Al-4Cu-7Ti (1000 W, 0.8 m/min) 
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Figure 4.36 XRD Analysis of Composite; Ti-6Al-4V/Al-4Cu-7Ti (1000 W, 1.0 m/min) 
 
Figure 4.37 XRD Analysis of Composite; Ti-6Al-4V/Al-7Cu-5Ti (900 W, 0.8 m/min) 
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Figure 4.38 XRD Analysis of Composite; Ti-6Al-4V/Al-7Cu-5Ti (900 W, 1.0 m/min) 
 
Figure 4.39 XRD Analysis of Composite; Ti-6Al-4V/Al-7Cu-5Ti (1000 W, 0.8 m/min) 
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Figure 4.40 XRD Analysis of Composite; Ti-6Al-4V/Al-7Cu-5Ti (1000 W, 1.0 m/min) 
The formation of BCC and FCC structures within the matrix of the composites initiated by 
Al and Cu respectively, which were detected at the diffraction peaks of the composites. 
The highest peaks of all the composites was discovered to be at similar angles; ranging 
from 2θ angle position of 40° to 46°. From observing the level of intensity, the peaks at 
the positions of diffraction were high resulting from the formation of a martensitic alpha 
(α) phase grain microstructure [59, 60]. During the LMD operation, the Kinetic 
undercooling within molten pool generated by the laser beam and the thermal 
undercooling result in the formation of a Martensitic grain structure [60, 61]. Within the 
grain structures, the propagation of intermetallic compounds such as Ti3Al, AlCu, Al3Ti, 
AlCu2Ti, NiTi, CuTi, and CuTi2 was initiated. Out of all intermetallic compounds formed, 
these compounds CuTi, AlCu, AlCu2Ti, Ti3Al were found to be the most reoccurring at 
diffraction peaks. Titanium was homogenously distributed throughout the microstructure 
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of the composites but was also present at diffraction peaks. The concentration of the 
titanium alloying elements was evenly distributed throughout the depths of the composite 
layers, and similar distributions of alloying elements Al, and Cu were observed throughout 
the microstructure, this is evident by the formation of the intermetallic compounds [84, 
88]. The XRD analysis showed that the concentration of the alloying elements increases 
in variation by increasing the laser power of the LMD operation. The variation in the laser 
power of the LMD operation affects the solubility of Ti alloying elements present at the 
point of metallurgical interaction during material deposition initiating the propagation of 
aluminides and Intermetallides emerging within the microstructure after solidification and 
cooling [92, 96, 97]. The solubility of the titanium alloying elements is dependent on the 
available heat energy from the Laser as well as the rate of cooling. Hence, solubility at 
the right point of metallurgical interaction forms the intermetallic compounds, with Ti 
alloying elements embedded within the compounds [96]. The formation of intermetallic 
compounds within the composites is shown at the diffraction peaks in Figures 4.33 - 4.40. 
The generation of a melt pool comprising of all alloying elements present during the LMD 
operation increases the range and possible composition of numerous microstructures, 
shown at diffraction peaks spread across the composites [96]. 
4.5 Corrosion Analysis 
The corrosion analysis performed on selected composites in comparison with the base 
alloy (Ti-6Al-4V alloy) is shown in Table 4.5. The corrosion analysis of the base alloy and 
the composites were conducted in a sodium chloride (3.5% of NaCl) solution [17]. The 
analysis of the base alloy and the composites were used to obtain the Ecorr (Corrosion 
Potentials), Icorr (Corrosion Current), Rp (Polarization resistance), and the rate of corrosion 
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from extrapolating the data recorded from the Tafel graph [20]. From the corrosion test 
performed on the base alloy (Ti-6Al-4V), the data obtained from the extrapolating the 
Tafel graphs showed that the Ecorr = -0.4409 V, the Icorr = 5.57 x 10-7 A/cm2 and the rate 
of corrosion = 8.96 x 10-4 mm/year. The Titanium alloy can perform at stable conditions 
when applied in environments containing high levels of pH, high temperatures, high 
potential. This is due to the Oxide layer (TiO2) that forms on the surface of the Titanium 
alloy [74, 75]. This thin layer acts as a protective barrier from environmental influences. 
Theoretical calculating the corrosion rate of metals requires the utilisation of the formula 
(According to standards; ASTM standard G 102-89) as stated in equation 4.1 [78] 
 
𝐶𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 (𝐶𝑅) =  





The interpretation of the Variables presented in the formula are as follows: 
• Icorr represent the Current Density. 
• Ew represents the Equivalent Weight. 
• K represents a constant (3.72 x 10-3). 
• A represents the Area (For this Research purpose = 1 cm2). 
From the analysis of the data presented in Table 4.5, when the corrosion potential of the 
composites is compared to the base alloy, the composite Ti-6Al-4V/Al-7Cu-5Ti (1000 W, 
0.8 m/min) possessed the highest corrosion potential of -0.06399 V, this indicates that 
this composite is more resistant to corrosion than the base alloy and the other composites. 
The base alloy possesses the lowest corrosion potential of -0.4409 V. This provides an 
insight into the behaviour of the corrosion reaction [122]. The reacting region where the 
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corrosion occurs acts as the anode during the corrosion process, this is performed to 
shield the non-reacting region acting as the cathode [122, 123]. Hence, the result is the 
faster corrosion of the reacting region. The comparison between the current densities 
showed that the following composites Ti-6Al-4V/Al-4Cu-7Ti (900 W, 0.8 m/min), Ti-6Al-
4V/Al-4Cu-7Ti (1000 W, 1.0 m/min), Ti-6Al-4V/Al-7Cu-5Ti (1000 W, 0.8 m/min) 
possessed current densities lower than the base alloy. Lower corrosion current densities 
increase resistance to corrosion. The increased composition of copper and titanium within 
the composites impacted the corrosion resistance properties and enhanced the chemical 
performance of the composites [123]. From the analysis of the rate of diffusion of the 
coatings materials into the structural matrix of the base alloy, it was observed that an 
increase in the laser power and the scanning speed of the LMD operation increases 
diffusion rate [125]. This is further supported by the analysis of the corrosion resistance 
properties of the composites. The more the coating materials are diffused within the 
microstructural matrix of the base alloy, the more metal is greatly reinforced [126]. 













Substrate (base alloy) -0.4409 5.57 x 10-6 4.8 8.96 x 10-3 
Ti-6Al-4V/Al-4Cu-7Ti 








2.435 x 10-3 
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Ti-6Al-4V/Al-4Cu-7Ti 








2.658 x 10-4 
Ti-6Al-4V/Al-4Cu-7Ti 








1.224 x 10-3 
Ti-6Al-4V/Al-7Cu-5Ti 








1.638 x 10-4 
Ti-6Al-4V/Al-7Cu-5Ti 








3.483 x 10-3 
 
The composites Ti-6Al-4V/Al-4Cu-7Ti (900 W, 0.8 m/min), Ti-6Al-4V/Al-4Cu-7Ti (1000 W, 
1.0 m/min), Ti-6Al-4V/Al-7Cu-5Ti (1000 W, 0.8 m/min) possessed the lowest corrosion 
rates and the lowest current densities when compared to the base alloy. The increase in 
the laser power and the elemental composition (increased amounts of copper) of the 
coating powder play a significant role in the reinforcement of the composites to be 
resistant to corrosion [125]. The composites Ti-6Al-4V/Al-4Cu-7Ti (1000 W, 0.8 m/min), 
Ti-6Al-4V/Al-7Cu-5Ti (900 W, 1.0 m/min) possessed the highest polarization resistance. 
Comparing the corrosion rates of the composites, overall, the base alloy possessed the 
highest corrosion rate. Hence, the reinforcement materials improved the corrosion 
resistance properties of the alloy, this indicates high stability of the alloying elements that 
form intermetallic compounds and evolve/improve the metallurgical properties of the base 
alloy [130, 133]. The increase in the laser power of the LMD operation favours the 
increase in the current density of the engineered composites [134]. The good corrosion 
resistance properties of the composites result from the constant and homogenous 
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formation of layer by layer reinforced microstructure, intermetallic bonds, and improved 
microhardness [134, 136]. Ti-6Al-4V alloys are one of the most commonly used alloys for 
a wide range of applications across several industries, hence by using the LMD operation, 
the base alloys can be enriched with the desired metallurgical properties and prevent the 
production of components, parts susceptible to corrosion [137]. For repairs of damaged 
aircraft parts due to corrosion, using other conventional alloys such as stainless-steel 
alloys may result in the failure overtime, when compared to titanium alloys. To overcome 
the delimitations of conventional alloys, advancements in highly specialised 
manufacturing techniques to fabricate metallic components with good properties are the 
focus of engineers. The corrosion properties of the composites are improved by the 
simultaneous fortification of other metallurgical and mechanical properties within the 
composites for the overall improvement of the base alloy. High diffusion rate of deposited 
materials within the base alloy and increase in the range of properties mixed within the 
structural matrix of the composites can also contribute to the enhanced corrosion 
properties. From the analysis of the composites, the chemical compositions within the 
layers of the alloys are mainly; Ti/TiO2, Cu, Al, these form a protective film on the surface 
of the composites, allowing the operation of the composites in harsh environments [76]. 
From analysis of the composites, the increase in the laser power of the LMD operation 
increases the polarization resistance (Rp) of the composites. The laser power and 
scanning speed impact the corrosion resistance properties of the composites by altering 
the morphology of the base alloy through microstructural evolution. 
A material can corrode at a very slow rate even with the tendency of corrosion. 
Performance of corrosion resistance could be determined by the morphology of the 
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structures of the components [153-155]. The corrosion potential of a material can move 
towards the positive position as a results of the layer of titanium oxide on the coating and 
this can slow than the rate of corrosion [156]. This could be responsible for the lower 
corrosion rate and Icorr in our findings.  Though other researchers also stated that 
titanium oxide and aluminium oxide can prolong the life span of coating against 
environmental degradation [157-159]. Noble direction shifting of the corrosion potential 
may be as a result of corrosion products layer on the coating which in turn influence the 
rate of corrosion. Stability of coating can come to play when titanium corrosion products 
block the pores on the coating and form physical barrier. 
4.6 Computational Finite Analysis 
Problems of boundary values can be solved by Finite Element Numerical Analysis 
technique. The functions are discretized into points and nodes. This is based on 
approximation of partial differential equations. The zones that are discretized are known 
as meshing zones. Performance of analysis enhances the computing capacity via finite 
element analysis. Mesh refinement has greater influence on model accuracy. The finer 
the mesh, the better the accuracy.  Also, as mesh is greater in size, more computing is 
required to solve the problem [160]. Several researchers had used finite element analysis 
to look into the gear component for aerospace application [161, 162]. They concluded 
that finite element analysis technique is an excellent tool for determining the accuracy of 
deflections and stresses data.  
Effect of balling and distortion had been linked to one of the drawbacks of additive 
manufacturing in thin hollow forms aerospace application [163]. Sequel to the study of 
Neela and De [164]. Researchers also used laser metal deposition process with 
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incorporation of finite element analysis as reported by Neela and De [164]. Thermal 
behaviour was greatly influenced by parameters combinations of scan velocity, laser 
power and powder flow rate. CAD design can use software inbuilt with finite element 
analysis to test the stiffness and strength characteristics once the properties of a 
particular material used for the design is known [165]. Capability of a particular 
component can be easily discovered by engineers and designers via finite element 
analysis before embarking on manufacturing. This allows the designers to make 
corrections to the designs where necessary. Optimization can be done considering the 
materials used and its strength. Manufacturing process cannot do without finite element 
analysis technique due to the quality given to the final design.  
Finite element analysis accuracy is depended on size of mesh, properties of materials 
and boundary conditions.  The prediction of final additive manufactured part mechanical 
and physical properties is based on the transmission of energy density into the powder 
bed fusion [160, 161, 166]. Moreover, several researchers also pointed out the residual 
stresses drawbacks witnessed in selective laser melting and this led to reduced strength 
and change in dimensions of the additive manufactured parts [167]. SOLIDWORKS 2019 
was used to generate the CAD design for this research and finite element analysis 
imbedded in COMSOL Multiphysics was used to determine the temperature and influence 
of stress distribution on the properties of the fabricated coatings.   Amalgamation of CAD 
design geometrical structure, process, optimized parameters and materials properties 
always lead to surface quality of fabricated coatings characteristics. The properties of the 
materials used have been stated in the methodology. 
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4.6.1 Numerical Modelling 
Validation of the distribution of the temperature and stresses generated as they influence 
the fabricated coatings properties was done using COMSOL Multiphysics. In order to 
create the design, the geometry was proven on 3D boundaries (J1, J2, m). The normal 
component is given as m, while J1 and J2 are the tangential components. Tangential and 
normal components can be known by necessitating deformed configuration selection in 
the boundary system section.  
The below stated assumptions are incorporated in this model:   
 This model does not take into consideration the heat losses by radiation and 
convection 
 Newtonian law is applicable to the reinforcements flow and the flow is 
incompressible and laminar  
 The base alloy (Ti-6Al-4V) and laser beam are perpendicular and Z direction is 
arrogated to the laser beam movement.  
 The reinforcements and base alloy materials properties are homogenous and 
identical in all direction (isotropic)  
 Temperature induced the thermos-physical properties of the materials used. 
Solid and initial domains values influenced the heat equations (time-dependent) and the 
293K initial temperature as indicated in the domain lists of options. Fourier’s law of heat 
transfers in solid is stated in equations 4.2-4.4.  
                                                       𝜌𝐶𝑝
𝜕𝑇
𝜕𝑡
+  𝜌𝐶𝑝𝑢 . ∇𝑇 + ∇. 𝑞 = 𝑄                                     (4.2) 
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   or                                             𝜕𝑝
𝜕𝑡
+ ∇. (ρ𝐯) = 0                                                      (4.3) 
Expression of the integrand ∇. (ρ𝐯) in cartesian coordinates v = (l, m, n) 









                                            (4.4) 
The solid density [𝑘𝑔/𝑚3] is symbolized by 𝜌, the solid heat capacity (constant 
pressure) is 𝐶𝑝, the velocity field is symbolized by 𝑢, defined by translation motion sub-
node when model parts move in the frame of material [𝑚/𝑠], heat source [𝑊/𝑚3] is 
symbolized by 𝑄 and the heat flux [W/m2] which is symbolized by 𝑞 is determined by 
equation 4.5: 
                                                                           𝑞 =  −𝑘∇𝑇                      (4.5) 
Thermal conductivity [𝑊/𝑚.𝐾] is symbolized by 𝑘 and the change in temperature [𝐾] is 
symbolized by ∇𝑇. The thermal conductivity of default is dependent on the material used 
for the base alloy in the laser metal deposition. Interface of the heat transfer allocated 
thermal insulation for the default boundary condition. It means there is protection and no 
heat flux for the domain insulation.  Modelling of the heat source was done by a deposited 
beam powder node. 
4.6.2 Mesh Generation and Geometric Model 
The laser track and the base alloy were well-defined by meshing analyses subjected to 
diverse mesh dimension. The element minimal size of 0.04 cm was assigned for the laser 
track. While maximal element size 0.15 cm was assigned. Base alloy element minimal 
and maximal sizes of 0.20 cm and 0.42 cm was used as indicated in Figure 4.41. The 
factual laser metal deposition experiment was simulated by using analysis of the mesh 
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which produced 55899 nodes and 36521 elements respectively. The model material 
properties are stated in Table 4.6. 
 
 
Figure 4.41 The Mesh System 
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Table 4.6 Model Materials Properties 
 
 
Model Reference Properties Components 
 
Name: Ti-6Al-4V alloy 




Max von Mises 
Stress 
Yield strength: 8.27371e+08 
N/m^2 
Tensile strength: 1.05e+09 N/m^2 
Elastic modulus: 1.048e+11 
N/m^2 
Poisson's ratio: 0.31   
Mass density: 4,428.78 kg/m^3 











The temperature distribution on the base alloy at 293K is shown in Figure 4.42. While 
comparison of mesh quality plots is indicated in Figure 4.43. This was done at room 
temperature in order to pre-heat the base metal and check the stresses via modelling. 
Pre-heat treatment of base alloy is good because it allows it to absorb the laser beam 
uniformly and avoid residual stresses that can tamper with the microstructures with larger 
grain sizes and influence the surface quality of the additive manufactured component. 
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In addendum, component load resistance can be tampered with when the residual 
stresses are larger. Standard quality requirements must be met, and permissible 
irregularities must be identified and categorized. Different kind of anomalies and their 
influence on the additive manufactured surface performance and quality must be well 
understood.  The wrong combinations of power, thickness of layer, direction of build, scan 
velocity and rate of flow can impart on the anomalies. The chief challenges debarring the 
full implementation of additive manufacturing is quality assurance. The real quality 
assurance involves predictive modelling and real time techniques of detecting anomalies 
immediately in additive manufacturing. Thermal cycle in additive manufacturing of metals 
impart residual stresses in additive manufactured parts and this is a real concern that can 
lead to parts distortion. 
 
Figure 4.42 Temperature Distribution on the Base Alloy at 293K. 
 




Figure 4.43 Comparison of Mesh Quality Plots at room Temperature 
 
Figure 4.44 The Mesh Quality at High Temperature 
 




Figure 4.45 The Contour Plot of Temperature Distribution Results at the Starting Point 
 
Figure 4.46 The Contour Plot of Temperature Distribution Results at the End of the Substrate 
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Figure 4.47 The Contour Plot of Temperature Distribution Results Towards the End of the 
Substrate 
 
The flow of molten liquid in the melt pool that came about as a result of the increase in 
the speed of the coating materials was linked to higher laser power. Standard distribution, 
enhancement and spheroidization are linked to higher laser power as shown in Figures 
4.45 – 4.47. Movement of laser from the starting point to the end changes the temperature 
distribution and enhanced microstructures in the melt pool are depended on the laser 
input, scan velocity and the faster cooling rate. The base alloy acts as heat absorber (heat 
sink) and the temperature gradient between the base alloy (substrate) and the incoming 
laser has significant effects on the microstructures. Else, larger residual stresses may be 
infused in the microstructures and impart on the surface quality of the composite coatings. 
The spot diameter and the distance between the base alloy and the laser nozzle 
influences the peak temperature distribution in the molten pool. The peak temperature at 
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the start was 529K while at the end of the base alloy it increased to 534K. The crystal 
structures in the melt pool are changed by the rate of solidification. 
The increase in the scanning speed of the LMD operation produced less dense 
composites, there was not enough time for the coating materials to interact with the Laser 
and fuse with the base alloy. The increase in the scanning speed of the LMD operation 
decreased the deposit width, while the decrease in scanning speed increases the deposit 
width; resulting from the available time for the coating materials to interact with the laser 
and fuse with the base alloy [66, 67]. From the temperature distribution results, it is 
evident that the increase in the scanning speed of the LMD operation decreases the rate 
of dilution of the coating materials within the structural matrix of the base alloy [67]. The 
propagation of these grains was initiated by the solidification process of the microstructure 
after the LMD operation. The laser interacts with the powders (coating materials) fed onto 
the surface via the feed nozzle, the laser melts the powder coatings before they arrive on 
the surface of the base alloy (Ti-6Al-4V) creating a melt pool of the deposited materials 
directly on the surface of the base alloy. The changes in the temperature shows the 
interaction in the melt pool between the laser and the coating materials as the laser moves 
from its original position towards the end of the base alloy (substrate).  
Only the region of interaction between the melt pool of the coating materials and the base 
alloy undergo a microstructural evolution. Hence, the rate of dilution of the composites 
was required to understand the level of diffusion of the coating materials in the structural 
matrix of the base alloy. The alloying metals Al and Cu formed dendrites after the 
solidification process of the composites was initiated. Thermal gradient is the major factor 
that determines if dendrites would be formed in a microstructure. The alloying metal Cu 
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from microstructural studies is known to possesses strong Beta (β) stabilizing particles 
that are propagated within the microstructural matrix of composites [80, 81]. Hence the 
fusion of the Cu alloying element with the Titanium structural matrix initiates the 
propagation of the Beta-Titanium (β-Ti) phase structure. The Binary alloy Al-Cu within the 
structural lattice typically propagate dendritic grain structures at increased laser power 
and scanning speed [86, 87]. The combination of the alpha phase particles and the beta 
phase stabilizers form a network of intermetallic inter-dendritic eutectic phase structure 
within the fusion regions of the composites. 
4.7 Summary 
The experimental characterization techniques were performed on the engineered 
composites to obtain the results examined and discussed in this chapter. The 
macrostructure observations of the composites showed that the samples cut off for the 
characterization analysis were physically intact and not damaged before characterization 
was performed. The deposited clad of the composites varied with the change in the 
selected process parameters, this in turn affected the physical, mechanical and 
metallurgical properties of the composites. From the observations obtained from the 
microstructural analysis of the samples (composites), there are improvements of the base 
alloy (Ti-6Al-4V alloy) by the laser metal deposition technique via the enhanced coating 
materials (Al-Cu-Ti). Supporting these findings was the EDS revealing the compositions 
of the composites. The XRD data gave more insight into the crystalline structural matrix 
of the composites, relating this data to the studies carried out in previous years, the 
changes and improvements were observed and discussed in this chapter. The strength 
of the structural matrix of the composites were tested experimentally using the Vickers 
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microhardness tester. The hardness values of the composites were greatly enhanced. 
The corrosion resistance property of the composites coatings also showed great 
improvement. The geometrical characteristics of the composites were influenced by the 
laser power, scan velocity and the powder feed rate. Finally, from the computational 
modelling, the movement of laser from the starting point to the end changes the 
temperature distribution and enhanced microstructures in the melt pool are depended on 
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATION 
 
5.1 Introduction 
In this section of the research project, the discussions obtained from the experimental 
characterization of the research results was concluded, outlining the challenges faced 
during the research investigation. This section of the project would offer a summarized 
explanation of the findings, recommendations for furthering the research output pertaining 
to this topic and for future work. 
5.2 Conclusions 
• These composites were engineered from the deposition of enhanced materials (Al-
Cu-Ti) in powdered form on titanium alloy (Ti-6Al-4V), by investigating the 
implications, impacts and effects of the selected parameters for LMD operation on 
the metallurgical properties, mechanical and physical properties present on the 
enhanced coated surface of the composite.  
• The process parameters varied for the LMD operation were the laser power and 
the scanning velocity, powder feed rate and spot diameter. The reason for these 
variations were to find the right combination of process parameters to produce a 
desired characteristic in the physical and mechanical properties of the engineered 
composites. The study of the possible optimization of the selected process 
parameters of the LMD operation was realized by the design of experiment. 
• The microstructural evolution and defects were investigated at a much higher 
magnification using a Scanning Electron Microscope (SEM), supported by Energy 
Dispersive Microscopy (EDS) and optical microscopy (OPM).  The Microhardness 
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of the samples (composites) were investigated using a Vickers hardness tester. 
Corrosion resistance experiments were carried out on the enhanced coated 
surface of the samples (Composites), and X-Ray Diffraction (XRD) analysis was 
performed on the fabricated composites. 
• The results obtained from the analysis of the geometrical properties of the 
composites showed the relationships between the laser power and scanning 
speed of the LMD operation and the deposited height, width, HAZ height, aspect 
ratio, powder efficiency, and dilution ratio. From the analysis of these relationships, 
the increase in the laser power and scanning speed of the LMD operation 
decreases the deposit height, width, HAZ height. However, with the increase in the 
laser power and scanning speed, the aspect ratio, dilution ratio and powder 
efficiency decrease. Minute defects and trapped gas were observed within the 
interface and microstructure of the fabricated composites.  
• The Microhardness testing using the diamond indentations directly on the hybrid 
coatings revealed that the composite with the highest mean hardness was Ti-6Al-
4V/Al-7Cu-5Ti on the enhanced coated surface, the measurements of the 
hardness decreases with a higher laser power with a value of 1000 W and a lower 
scanning speed (feed rate) with a value of 0.8 m/min. Hence an increased 
scanning speed with a value of 1.0 m/min and lower laser power with a value of 
900 W produced the hardest hybrid coatings (1117.2 HV1.0).  
• From the compositions found from the composites, the following were present Ti, 
Al, Cu, Ti3Al, AlCu, Al3Ti, AlCu2Ti, NiTi, CuTi, CuTi2. From the analysis of all the 
peak diffractions (XRD Peak Diffractions), it is indicated that the selected process 
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parameters of the LMD operation enabled the increased metallurgical reactions 
between; Al, Cu and Ti to form the binary and ternary systems.  
• From the comparisons carried out on the corrosion rates of the base alloy and the 
fabricated composites, overall, the base alloy possessed the highest corrosion 
rate. While, the reinforcement materials improved the corrosion resistance 
properties of the alloy. 
5.3 Summary of Findings 
• From the analysis of the results obtained from characterization, the combination of 
laser power at 900 W, powder feed rate of 2.5 g/min, gas feed rate of 2.0 L/min, 
spot diameter of 2 mm and scanning speed at 0.8 m/min produced composites 
with an increased percentage of dilution Rate, aspect ratio and enhanced powder 
efficiency. Based on the analysis of these findings, these process parameters are 
optimum for producing highly reinforced composites. 
• From the deposition and metallurgical bonding of the coating materials (Al-Cu-Ti) 
on the surface of Base Alloy, the Hardness, Corrosion resistance properties of the 
Ti-6Al-4V were increased and improved. The combination of the selected process 
parameters and the coating materials significantly improved these properties. 
• Al-Cu-Ti, with 7 wt.% of Cu, 5 wt.% of Ti and optimized to 900 W and 1.0 m/min 
scan velocity contributed to the best enhancement in the microhardness by 
223.20% (1117.2 HV1.0).  
• The composites Ti-6Al-4V/Al-4Cu-7Ti (900 W, 1.0 m/min), Ti-6Al-4V/Al-7Cu-5Ti 
(900 W, 1.0 m/min), Ti-6Al-4V/Al-7Cu-5Ti (1000 W, 0.8 m/min) possessed the 
lowest corrosion rates and the lowest current densities when compared to the base 
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alloy. Adding 7 wt.% of Cu, 5 wt.% of Ti in Al-Cu-Ti reinforcement powder, in 
combination with an optimized laser power of 900 W and 1.0 m/min scan velocity 
produced a composite coating that shows the best enhancement in the polarization 
resistance by 756 Ωcm2, corrosion potential of -0.01983 V, current density of 1.02 
x 10-6 and in the corrosion rate by 1.638 x 10-4 mm/year, relative to the Ti-6Al-4V 
substrate.  
5.4 Recommendations for Future Work 
• Corrosion resistance test in another medium will be appropriate in order to see the 
reaction of the coatings in aggressive medium. 
• Nano-indentation should be performed on the Ti-6Al-4V/Al-Cu-Ti composites, as 
this will provide more insight to understanding the causes of certain cracks and 
defects. 
• To accomplish the task of analyzing the residual stresses left from the LMD 
operation, the rendering of a 3D model for simulation studies will be essential, as 
this will help predict the shape and morphology of the deposited materials on the 
base alloy. Laminar flow was considered in this research work and it will be great 
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